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Equivalent of a 50-hour observation above 4 TeV on every source in 1 year.
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Geminga
•very near (<200pc)
•not yet detected by VERITAS
•very extended in Milagro data
•can explain positron excess?L130 ABDO ET AL. Vol. 700

-4

-2

0

2

4

6

8

10

12

14

16

18

20

06h30m06h40m

J0634.0+1745

-4

-2

0

2

4

6

8

10

12

14

16

18

20

J0634.0+1745

06h30m06h40m

Figure 2. Significance of the Milagro data in a 5◦ × 5◦ region around Fermi source J0634.0+1745 the Geminga pulsar. The location of the Fermi source is identified
by a white dot. The figure on the left shows the significance map after smoothing by the Milagro point-spread function. The figure on the right shows the same region
smoothed by an additional 1◦ Gaussian in order for an extended emission region. The color scale shows the statistical significance.

decl. = 17◦22m. Given the high significance, we regard this as
a definitive detection of extended emission from Geminga. A
spatial Gaussian fit to the data yields a region with a standard
deviation of 1.◦30±0.◦20. For comparison, the analogous fit for
the Crab, which is effectively a point source, has a σ of 0.◦6 This
suggests that the full width at half-maximum of the region of
emission in the vicinity of Geminga is 2.◦6+0.7

−0.9, after account-
ing for the point-spread function. The large extent (implying an
emission region of some 7–15 pc extent) is likely due to the
nearness of the source and may arise from a pulsar-driven wind;
it is consistent with H.E.S.S. observation of more distant PWN
with an angular size of ∼10 pc. This may also explain why
the source has not yet been observed by Imaging Atmospheric
Cherenkov Telescopes (Maier et al. 2008).

0FGL J1907.5+0602 is associated with MGRO J1908+06
(Abdo et al. 2007b). This pulsar was discovered by the LAT
and is also coincident with AGILE source 1AGL J1908+0613
(Pittori et al. 2009) and EGRET source GEV J1907+557 (Lamb
& Macomb 1997). The multi-TeV emission was first reported
by Milagro. H.E.S.S. both confirmed the Milagro detection and
was also able to identify this source as extended by 0.◦21+0.07

−0.05
(Djannati-Atai et al. 2008). The peak of the Milagro detection
occurs at R.A. = 19h6m44s, decl. = 5◦50m with a 1σ error circle
of 0.◦27 and a local peak significance of 8.1σ . The peak of the
Milagro emission is 0.◦3 from the pulsar, but consistent with the
pulsar’s location within the measurement error.

0FGL J1923.0+1411 is associated with SNR G49.2-0.7
(W51) which is in a star-forming region and near molec-
ular clouds. Recently, a >TeV source, H.E.S.S. J1923+141
(Feinstein et al. 2009), has been detected which is spatially
extended and coincident with the Fermi source.

0FGL J2020.8+3649 is associated with MGRO J2019+37.
This is the most significant source in the Milagro data set apart
from the Crab. The young central pulsar has a period of 104 ms
and an estimated age of 17.2 kyr. This source was also detected
by AGILE and EGRET. It was AGILE that first identified the
GeV pulsations (Halpern et al. 2008) and that discovery was
confirmed with Fermi data. The peak of the flux measured by
Milagro is at R.A. = 20h18m43s decl. = 36◦42m with a 0.◦09 1σ
error circle. The position of the excess is ∼0.◦3 from the pulsar.

0FGL J2032.2+4122 is a LAT identified pulsar that is spa-
tially coincident with the HEGRA source J2032+41 (Aharonian
et al. 2002), MGRO J2031+41, and the MAGIC source
J2032+4130 (Albert et al. 2008). The Milagro source was re-
ported (Abdo et al. 2007b) with an extent of 3◦, but it appears
that the Milagro extended source may be due to two or more
overlapping sources with a potential additional diffuse contri-

bution from the highly emissive Cygnus region. The location of
the Milagro peak is R.A. = 20h31m43s and decl. = 40◦40m with
a statistical error of 0.◦3.

0FGL J2229.0+6114 is coincident with the radio pulsar
J2229+6114 which has been previously associated (Halpern
et al. 2001) with the EGRET source 3EG J2227+6122. The
period of this pulsar is 52 ms, its distance is 0.8 kpc (Kothes
et al. 2001), and the age is estimated to be 10.5 kyr, and Ė
is 2.2 × 1037 erg s−1 (Manchester et al. 2005; Halpern et al.
2001). Milagro detects a 6.6σ excess at the position of the pulsar
and a local maximum of 6.8σ . The peak of the Milagro excess
is R.A. = 22h28m17s decl. = 60◦29m with a statistical position
error of 0.36. This source was reported as candidate C4 by
Milagro in Abdo et al. (2007b). With the additional data and
improved analysis presented here, this source is elevated to a
high-confidence detection. Milagro also identifies this source as
clearly not a point source, with a long extension to the south.20

The remaining five objects with greater than 3σ excess in the
Milagro data have not been previously detected above 1 TeV
energies.

0FGL J0631.8+1034 is the radio pulsar J0631+10 (Zepka
et al. 1996). This pulsar has a period of 288 ms and an estimated
age of 43.6 kyr, a distance of 6.55 kpc, and Ė of 1.7×1035 erg
s−1 (Manchester et al. 2005). The VERITAS upper limit for
this region is 1.3% of the Crab (Maier et al. 2008).

0FGL J1844.1-0335 is unassociated with any known source.
It is an interesting source because it occurs at a declination at the
edge of Milagro’s sensitivity and, if the Milagro observation is
real, it is extremely bright above 1 TeV. It is in the region of the
Galactic plane surveyed by H.E.S.S. (Aharonian et al. 2006) but
was not detected. To account for the H.E.S.S. nondetection, the
source would have to be extended or have a very hard spectrum
extending to high energy.

0FGL J1900.0+0356 has no known associations.
0FGL J1954.4+2838 is coincident with SNR G65.1+0.6

which has been associated with PSR 1957+2831 (Tian & Leahy
2006).

0FGL J1958.1+2848 is a LAT-discovered pulsar that is
associated with the EGRET source 3EG J1958+2909 (Hartman
et al. 1999).

20 Note added in press: the Fermi-LAT collaboration has completed a paper
announcing the discovery of a new pulsar—not included in the BSL—with the
current best position of R.A. = 339.561, decl. = 59.080 (Fermi-LAT
Collaboration 2009, http://www.sciencemag.org/cgi/content/abstract/
1175558v2). Milagro observes a 4.7σ excess at the location of the pulsar. It
may be that the large size of the multi-TeV emission associated with 0FGL
J2229.0+6114 is in fact due to these two nearby sources.
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Figure 2. Significance of the Milagro data in a 5◦ × 5◦ region around Fermi source J0634.0+1745 the Geminga pulsar. The location of the Fermi source is identified
by a white dot. The figure on the left shows the significance map after smoothing by the Milagro point-spread function. The figure on the right shows the same region
smoothed by an additional 1◦ Gaussian in order for an extended emission region. The color scale shows the statistical significance.

decl. = 17◦22m. Given the high significance, we regard this as
a definitive detection of extended emission from Geminga. A
spatial Gaussian fit to the data yields a region with a standard
deviation of 1.◦30±0.◦20. For comparison, the analogous fit for
the Crab, which is effectively a point source, has a σ of 0.◦6 This
suggests that the full width at half-maximum of the region of
emission in the vicinity of Geminga is 2.◦6+0.7

−0.9, after account-
ing for the point-spread function. The large extent (implying an
emission region of some 7–15 pc extent) is likely due to the
nearness of the source and may arise from a pulsar-driven wind;
it is consistent with H.E.S.S. observation of more distant PWN
with an angular size of ∼10 pc. This may also explain why
the source has not yet been observed by Imaging Atmospheric
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(Abdo et al. 2007b). This pulsar was discovered by the LAT
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by Milagro. H.E.S.S. both confirmed the Milagro detection and
was also able to identify this source as extended by 0.◦21+0.07
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(W51) which is in a star-forming region and near molec-
ular clouds. Recently, a >TeV source, H.E.S.S. J1923+141
(Feinstein et al. 2009), has been detected which is spatially
extended and coincident with the Fermi source.

0FGL J2020.8+3649 is associated with MGRO J2019+37.
This is the most significant source in the Milagro data set apart
from the Crab. The young central pulsar has a period of 104 ms
and an estimated age of 17.2 kyr. This source was also detected
by AGILE and EGRET. It was AGILE that first identified the
GeV pulsations (Halpern et al. 2008) and that discovery was
confirmed with Fermi data. The peak of the flux measured by
Milagro is at R.A. = 20h18m43s decl. = 36◦42m with a 0.◦09 1σ
error circle. The position of the excess is ∼0.◦3 from the pulsar.
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tially coincident with the HEGRA source J2032+41 (Aharonian
et al. 2002), MGRO J2031+41, and the MAGIC source
J2032+4130 (Albert et al. 2008). The Milagro source was re-
ported (Abdo et al. 2007b) with an extent of 3◦, but it appears
that the Milagro extended source may be due to two or more
overlapping sources with a potential additional diffuse contri-

bution from the highly emissive Cygnus region. The location of
the Milagro peak is R.A. = 20h31m43s and decl. = 40◦40m with
a statistical error of 0.◦3.

0FGL J2229.0+6114 is coincident with the radio pulsar
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error of 0.36. This source was reported as candidate C4 by
Milagro in Abdo et al. (2007b). With the additional data and
improved analysis presented here, this source is elevated to a
high-confidence detection. Milagro also identifies this source as
clearly not a point source, with a long extension to the south.20

The remaining five objects with greater than 3σ excess in the
Milagro data have not been previously detected above 1 TeV
energies.
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et al. 1996). This pulsar has a period of 288 ms and an estimated
age of 43.6 kyr, a distance of 6.55 kpc, and Ė of 1.7×1035 erg
s−1 (Manchester et al. 2005). The VERITAS upper limit for
this region is 1.3% of the Crab (Maier et al. 2008).

0FGL J1844.1-0335 is unassociated with any known source.
It is an interesting source because it occurs at a declination at the
edge of Milagro’s sensitivity and, if the Milagro observation is
real, it is extremely bright above 1 TeV. It is in the region of the
Galactic plane surveyed by H.E.S.S. (Aharonian et al. 2006) but
was not detected. To account for the H.E.S.S. nondetection, the
source would have to be extended or have a very hard spectrum
extending to high energy.

0FGL J1900.0+0356 has no known associations.
0FGL J1954.4+2838 is coincident with SNR G65.1+0.6

which has been associated with PSR 1957+2831 (Tian & Leahy
2006).

0FGL J1958.1+2848 is a LAT-discovered pulsar that is
associated with the EGRET source 3EG J1958+2909 (Hartman
et al. 1999).

20 Note added in press: the Fermi-LAT collaboration has completed a paper
announcing the discovery of a new pulsar—not included in the BSL—with the
current best position of R.A. = 339.561, decl. = 59.080 (Fermi-LAT
Collaboration 2009, http://www.sciencemag.org/cgi/content/abstract/
1175558v2). Milagro observes a 4.7σ excess at the location of the pulsar. It
may be that the large size of the multi-TeV emission associated with 0FGL
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IC443
•flux implied by Milagro observation is 

10x larger than extrapolated VERITAS 
spectrum

•more extended?No. 2, 2009 MILAGRO OBSERVATIONS OF MULTI-TeV EMISSION FROM GALACTIC SOURCES L129

Figure 1. 3σ sources from Table 1, omitting J0634.0+1745 (shown in Figure 2) and the Crab. Each frame shows a 5◦ × 5◦ region with the LAT source positions
indicated by white dots. The error on the Fermi source locations is quite small on this scale, typically between 0.1 and 0.2 deg, depending on the source. The data have
been smoothed by a Gaussian of width varying between 0.◦4 and 1.◦0, depending on the expected angular resolution of events. Horizontal axes show right ascension
and vertical axes show declination. The colors indicate the statistical significance in standard deviations.

measurement of the diffuse emission (Abdo et al. 2008) at its
highest value, in the inner Galaxy (30◦ < l < 65◦, |b| < 2◦).
Using this value, we expect 5.3 × 10−17 TeV−1 s−1 cm−2 in a 1◦

bin at 35 TeV, which is only about ∼15% contamination for the
weakest sources in Table 1. The GALPROP conventional model,
for comparison, would only constitute ∼3% contamination. The
contamination is likely lower than suggested by the Milagro
measurement because of unresolved sources, such as many of
the sources from Table 1. It has even been suggested (Casanova
& Dingus 2008) that most of the Milagro diffuse measurement
could be due to unresolved sources. Finally, the Fermi points
observed at 3σ in the Milagro data occur near local maxima in
the Milagro data. In contrast, the diffuse emission is expected
to vary slowly across the Galaxy.

3. DISCUSSION

From this analysis, it appears quite common for Galactic
100 MeV to 100 GeV sources to have associated multi-TeV
emission. This association is notable for pulsars, where 9 of
the 16 pulsars from the BSL are on our list of likely multi-
TeV emitters. The pulsars in the BSL which have less than 3σ
significance in Milagro data tend to lie off the Galactic plane.
The pulsars off the plane are typically older, having traveled far
from their origin after the kick they received from the initial
asymmetric supernova (Gunn & Ostriker 1970). Of the SNR
sources on the list, we see three of five. Interestingly, we see
only 2 of the 12 unidentified sources. These unidentified sources
may be extragalactic and not visible with this analysis which was
optimized for multi-TeV emission.

Figures 1 and 2 show the regions in the Milagro data around
the indicated LAT sources. Eight of the 13 sources are associated
with previously reported >TeV sources or candidates.

0FGL J0534.6+2201 is the young Crab Pulsar. Its associated
PWN is a standard reference source in TeV astronomy.

0FGL J0617.4+2234 is associated with SNR IC443, which is
interacting with a nearby large molecular cloud. An associated
X-ray feature has been interpreted as a PWN (Olbert et al.
2001), implying the existence of a pulsar, but the no pulsed
emission has yet been detected. IC443 was first reported above
1 TeV by MAGIC (Albert et al. 2007) and later confirmed by
VERITAS (Humensky et al. 2008). The flux reported in Table 1
is somewhat higher than the flux predicted by extrapolating
the MAGIC fit, but is roughly consistent after allowing for
the extremes of the statistical and systematic errors of the two
measurements.

0FGL J0634.0+1745 is the Geminga pulsar. Geminga is a rel-
atively old (342 kyr) but very near (250 pc) pulsar (Manchester
et al. 2005; Halpern & Holt 1992; Faherty et al. 2007). It is the
most significant Fermi-LAT source in the northern sky, but emis-
sion over 1 TeV has only been reported by Milagro as candidate
C3 with too low a significance to be classified as a definitive
detection. Milagro observes an emission region that is extended
by several degrees as shown in Figure 2. The significance re-
ported in Table 1 has been computed assuming point-source
emission, but if we instead assume that the source is due to emis-
sion from an extended region and convolve a 1◦ Gaussian with
the energy-dependent point-spread function, the significance at
the location of 0FGL J0634.0+1745 increases to 6.3σ . The lo-
cal maximum of the Milagro excess is at R.A. = 6h32m28s,
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Figure 3. Inner 0.◦8 of the acceptance-corrected excess map for the IC 443 field.
Markers and contours follow Figure 1, with several additions. Thick black
contours: CO survey (Huang & Thaddeus 1986); black star: PWN CXOU
J061705.3+222127 (Olbert et al. 2001); open blue circle: 95% confidence
radius of 0FGL J0617.4+2234 (Abdo et al. 2009); and filled black triangles:
locations of OH maser emission (Claussen et al. 1997; J. W. Hewitt 2009,
private communication).

spin-down luminosity of the pulsar has been estimated as
∼1036 erg s−1 (Olbert et al. 2001; Bocchino & Bykov 2001)
and 5 × 1037 erg s−1 (Gaensler et al. 2006). If the PWN
association is correct, the VHE luminosity in the 0.3–2.0 TeV
band is less than ∼0.04% of the spin-down luminosity, well
within the ∼0.01%–10% range of observed VHE efficiencies
for other PWNe (Gallant 2007). Likewise, synchrotron cooling
is unlikely to rule out an offset PWN scenario. The lifetime
τ of a synchrotron-emitting electron with energy E is τ (E) ∼
1.3 × 107(B/µG)−2(E/1 GeV)−1 kyr (Gaisser et al. 1998).
Assuming the TeV photons are produced by ∼ 20 TeV electrons
in a magnetic field of ∼5 µG (comparable to typical interstellar
fields), synchrotron cooling is only just beginning to become
important even if the age of IC 443 is as high as ∼ 30 kyr.
Note that in the nebula-powered scenario presented by Bartko &
Bednarek (2008), the GeV emission is assumed to be unresolved
pulsar emission. The displacement of 0FGL J0617.4+2234 from
the PWN location argues against that scenario.

Alternatively, Figure 3 can be interpreted within a scenario
of hadronic cosmic-ray acceleration and subsequent interaction
with the molecular cloud, which would provide a high density of
target material for the production of VHE gamma rays. The cor-
relation of the VHE emission with the molecular cloud is natural
within this scenario. The low velocity of the SNR shock implied
by the presence of maser emission (Hewitt et al. 2006) indicates
that the shock is in its radiative phase in this region and cosmic-
ray acceleration is most likely now inefficient. Thus, the cosmic
rays accelerated during the shock’s earlier propagation have
diffused into the remnant and the upstream region, including
the molecular cloud. The steep VHE spectrum can be explained
either as a low maximum energy to which particles were acceler-
ated prior to the shock hitting the cloud, or an energy-dependent
rate of diffusion of cosmic rays out of the cloud (Aharonian
& Atoyan 1996). Zhang & Fang (2008) model the remnant as
evolving partially within and partially outside the cloud, and
find that a hadronic interpretation can explain the VHE emis-
sion. However, Torres et al. (2008) point out that in the Zhang
& Fang (2008) model, the GeV and TeV emission ought to be
spatially coincident; it is not yet clear whether they are. Torres
et al. (2008) present an alternative picture in which cosmic rays

escape from the SNR shock and diffuse toward the cloud, similar
to what may be occurring in the Galactic Ridge (Aharonian et al.
2006b) and the region surrounding the SNR W 28 (Aharonian
et al. 2008). This picture can naturally accommodate spatially
separated GeV and TeV emission by positing clouds at different
distances from the SNR shock. Rodriguez Marrero et al. (2009)
extend this work to make predictions for Fermi and find that
Fermi should see a movement of the centroid toward the TeV
position as the photon energy increases, along with a gradual
spectral softening. The combination of GeV and TeV observa-
tions may also provide additional constraints on the diffusion
coefficient and the distance between the SNR and the molecular
cloud.

Further GeV and TeV gamma-ray observations will help to
clarify the nature of the particle acceleration associated with
IC 443. The ∼0.◦15 separation between the centroids of 0FGL
J0617.4+2234 and VER J0616.9+2230, though not statistically
significant, may hint at an energy-dependent morphology. Such
a morphology will be explored with future observations by
VERITAS, and has the potential to discriminate between the
scenarios outlined above. A break in the energy spectrum
between the GeV and TeV bands is required whether or
not 0FGL J0617.4+2234 and VER J0616.9+2230 are directly
related. Future observations by VERITAS will improve the
statistics above 100 GeV, anchoring the measurement of the
VHE cutoff to the gamma-ray emission. The combined spectrum
from 100 MeV to several TeV will provide powerful constraints
on the emission mechanism(s) (Gaisser et al. 1998).

In summary, VERITAS observations of the composite super-
nova remnant IC 443 during 2007 have yielded a detection of
an extended source with an index of 2.99 ± 0.38stat ± 0.30sys

and a flux of (4.63 ± 0.90stat ± 0.93sys) × 10−12 cm−2 s−1 above
300 GeV. The location and flux are consistent with MAGIC
J0616+225. This deep VERITAS observation reveals that the
VHE emission is extended (0.◦16 ± 0.◦03stat ± 0.◦04sys), with its
brightest region coincident with the dense cloud material and
maser emission. The emission is offset from the nearby PWN
CXOU J061705.3+222127, a viable source for the VHE emis-
sion. If further VHE observations reveal an energy-dependent
morphology, it may become possible to distinguish cleanly be-
tween scenarios related to the PWN and to hadronic cosmic rays
interacting with the molecular cloud.
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Figure 1. Background-subtracted gamma-ray counts map of SNR G78.2+2.1
showing the VERITAS detection of VER J2019+407 and its fitted extent (black
dashed circle). The supernova remnant is delineated by CGPS 1420 MHz
continuum radio contours at brightness temperatures of 23.6 K, 33.0 K, 39.6 K,
50 K, and 100 K (white; Taylor et al. 2003); the star shows the location of the
central gamma-ray pulsar PSR J2021+4026. The inverted triangle and dot-
dashed circle (yellow) show the fitted centroid and extent of the emission
detected by Fermi above 10 GeV. The open and filled triangles (black)
show the positions of Fermi catalog sources 1FGL J2020.0+4049 and 2FGL
J2019.1+4040 which have been subsumed into the extended GeV emission
from the entire remnant. The 0.16, 0.24, and 0.32 photons bin−1 contours of
the Fermi detection of the Cygnus cocoon are shown in cyan. The white circle
(bottom right corner) indicates the 68% containment size of the VERITAS
gamma-ray PSF for this analysis.

applied, requiring that events have three images passing the
following criteria: more than four pixels per image, an image
centroid no more than 1.◦43 from the camera center, and a total
integrated charge per image of at least 70 photoelectrons.

Calibrated images are described in terms of a second-moment
parameterization (Hillas 1985). Cosmic-ray background is re-
jected using selection criteria applied to two composite param-
eters based on these moments: mean-scaled length (MSL) and
mean-scaled width (MSW; Aharonian et al. 1997). We impose
the requirements 0.05 < MSL < 1.25 and 0.05 < MSW < 1.10;
in addition, we require the angle between the reconstructed
gamma-ray arrival direction and the source position to be less
than 0.◦23. The chosen background-rejection criteria are opti-
mized for moderate-strength (∼5% of the Crab nebula flux)
extended sources. Together with the image quality require-
ments they impose an energy threshold for this measurement
of 320 GeV.

To minimize the number of independent search elements, our
search is restricted to a pre-defined circular region with radius
0.◦25 centered on the target position. In the imaging analysis
and source morphology studies the ring background model
(Aharonian et al. 2005) is used to estimate the residual cosmic
ray background; the reflected-region model (Aharonian et al.
2001) is used when extracting the spectrum. We also excluded
from the background estimation circular regions with radius 0.◦3
around four bright stars in the FOV (γ Cygni, P Cygni, 40 Cygni,
and HIP100069) as well as two overlapping circular 0.◦4 radius
regions used to approximate the profile of the excess seen in the
VERITAS survey data (Weinstein et al. 2009, 2011). All results
reported here have been verified by an independent calibration
and analysis chain.
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Figure 2. Spectrum of VER J2019+407, derived from four-telescope data
only. Points are the VERITAS spectrum, while the arrow indicates the upper
limit on emission at 11 TeV. The solid line shows a power-law fit with a
spectral index of Γ = 2.37 ± 0.14stat ± 0.20sys and a flux normalization of
N0 = 1.5 ± 0.2stat ± 0.4sys × 10−12 photon TeV−1 cm−2 s−1.

4. RESULTS

Figure 1 displays the background-subtracted, acceptance-
corrected TeV image of the region of SNR G78.2+2.1. A clear
signal with 319 ± 39 net counts is detected at the location of the
northern rim of the remnant. This signal is significant at the 7.5σ
level after accounting for all test points in the pre-defined 0.◦25
search region. Figure 1 also shows the locations of the gamma-
ray pulsar PSR J2021+4026 (1FGL J2021.5+4026), ∼0.◦5 from
VER J2019+407 at the center of the SNR, and the centroid of
the emission from the remnant seen by Fermi above 10 GeV.

The morphology of VER J2019+407 is derived from a binned
extended maximum-likelihood fit to the counts map before
background subtraction. The cosmic ray component is modeled
as an exposure-modulated flat background and the source by
a symmetric two-dimensional Gaussian convolved with the
VERITAS PSF (68% containment radius of 0.◦09, derived from
an identically processed observation of the Crab Nebula). We
find a fitted extension of 0.◦23 ± 0.◦03stat

+0.◦04
−0.◦02sys

. The fitted

centroid coordinates are R.A. 20h20m04.s8, decl. +40◦45′36′′

(J2000); however, we maintain the identifier VER J2019+407
for the source, which was originally assigned on the basis of
a preliminary centroid estimation. The statistical uncertainty in
this location is 0.◦03, with a combined systematic uncertainty in
the position, due to the telescope pointing error and systematic
errors of the fit itself, of 0.◦018.

Figure 2 shows the spectrum derived from the reconstructed
gamma-ray events within 0.◦24 from the center of the search
region; runs where only three of four telescopes were operational
have been excluded from this sample. The threshold for the
spectral analysis is 320 GeV and the energy resolution is 15% at

3

ApJ 770, 93 (2013)

– 12 –

]
σ

si
gn

ifi
ca

nc
e 

[

-4

-2

0

2

4

6

8 [d
eg

]
J2

00
0

de
cl

in
at

io
n

41

42

43

 [hours]
J2000

right ascension
m25h20m30h20m35h20

  

 

Fig. 1.— VERITAS gamma-ray significance map centered on VER J2031+415. The color

indicates the significance within an integration window of 0.23�. The blue star marks the

location of the Fermi-LAT pulsar PSR J2032+4127, the black triangle is the location of

Cygnus X-3 and the red circles represent the shared wobble locations.
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5. There is a guaranteed minimal hadronic contribution (sea 
of cosmic rays)  25% in the region of |b|<1° 

 
HESS diffuse emission

pion
flux ratio in the data is calculated to be 1:1 ! 0:2 (stat.) com-
pared to a ratio of 2.0 predicted by GALPROP. For the regions
l2 ½85#; 110#$ and l2 ½136#; 216#$, flux upper limits are quoted,
since the statistical significances above the background are
less than 2 !.

The energy spectra, as predicted by the optimized GALPROP
model in the Cygnus region and in the inner Galaxy, l2 ½30#; 65#$,
are shown in Figure 2, together with the EGRET and Milagro
measurements. As can be seen, at Milagro energies the domi-
nating GALPROP contribution to the diffuse flux is due to in-
verse Compton scattering of cosmic-ray electrons off the cosmic
microwave background (CMB). The electron injection spectrum
of the optimized GALPROP model is chosen such that the dif-
fuse "-ray emission spectrummatches the EGRETmeasurement
at GeV energies. The injection spectrum is a broken power law
with a spectral index of %1.5 below 20 GeVand a spectral index
of %2.42 above 20 GeV, extending to a maximum electron energy
of 1000 TeV, with an electron flux of 1:4 ; 10%9 MeV%1 cm%2 s%1

sr%1 at 34.5 GeV (Strong et al. 2004a, 2004b).
Figure 3 shows the Galactic latitude profiles for b2 ½%10#; 10#$

in three regions between Galactic longitude l ¼ 30# and 110#.
Gaussian fits (not shown) to the data distributions for l2 ½30#; 65#$
(left) and l2 ½65#; 85#$ (middle) yield values for the mean con-
sistent with b ¼ 0# and for ! of 0:9# ! 0:3# and 2:0# ! 0:2#,
respectively. Assuming a larger exclusion region around the Ga-
lactic plane in the background estimation (x 2) gives the same
narrowwidth. The emission profiles as predicted by the optimized
GALPROPmodel are overlaid. The blue line shows the total flux
prediction, the green line the inverse Compton, and the red line
the pion contribution. For the GALPROP prediction, as well as
the data, the flux numbers become smaller and the distributions
become wider farther away from the Galactic center. In order to
compare the predicted profiles with the measured profiles, the
#2 in both regions is calculated. In the inner Galaxy region
(l2 ½30#; 65#$ and b2 ½%10#; 10#$), a #2 of 18.3 with 20 degrees
of freedom is derived, corresponding to a probability of 57% that
the #2 for a correct model exceeds the observed one by chance.
In the Cygnus region, this chance probability is calculated to be
10%4. The discrepancy between the model prediction of the lat-
itude profile and the data in the Cygnus region is investigated
further by fitting the measured profile between b ¼ 10# and
%10# to a linear combination of the predicted pion and IC pro-
files, CICpIC(b)þ C$p$(b). The factors CIC and C$ are varied in-
dependently between 0.1 and 10 in steps of 0.1. The minimum

value of #2 is obtained for C$ ¼ 6:9, i.e., an increase of the pion
contribution with respect to the GALPROP prediction by a factor
of 6.9, and CIC ¼ 0:1. The resulting chance probability is 3%.
Performing the same fit to the inner Galaxy latitude profile yields
an increase in the pion contribution of C$ ¼ 5:8 and a decrease
in the IC contribution of CIC ¼ 0:1 with respect to theGALPROP
prediction. The chance probability of this result is 93%, showing
that there is no significant improvement between the two cases.

Figure 3 also shows the Galactic latitude profile for b 2
½%10#; 10#$ in the region above Cygnus (l2 ½85#; 110#$; right).
No significant enhancement near the Galactic plane is visible.

4. DISCUSSION

Measurements of the diffuse TeV "-ray flux from the Galactic
plane, as well as its spatial distribution, the latitude and longi-
tude profiles, have been presented. The diffuse "-ray flux was
compared to predictions based on both the conventional and the
optimized GALPROP models. In the l2 ½30#; 65#$ range, the op-
timized GALPROP prediction is consistent with the Milagro
measurement. According to the GALPROP model, the diffuse
emission near 15 TeV is dominated by the inverse Compton
component, which in turn is dominated by(100 TeVelectrons
scattering off the CMB (60%Y70% of the IC component; see
Fig. 2). Therefore, Milagro measurements can be interpreted as
showing the first indication of the cosmic-ray spectrum up and
beyond 100 TeV using the predictions of the GALPROP opti-
mized model. The propagated average electron spectrum calcu-
lated by the optimized GALPROPmodel predicts a flux of about
4 times the locally measured flux and extends above 100 TeV,
with a differential spectral index of %3. An alternative explana-
tion would be a harder nucleon injection spectrum in the inner
Galaxy than measured locally, but this would have to be checked
against local antiproton measurements (Moskalenko et al. 1998;
Strong et al. 2007). Studies of the lateral "-ray emission profile
in the inner Galaxy show that the profile is rather narrow and sug-
gest a better agreement with the pion assumption. Better sensi-
tivity is needed, however, to significantly differentiate between
the IC and the pion hypotheses.

The Cygnus region is the region with the most significant
flux excess in the Milagro spatial maps. The emission from the
Cygnus region of the Galaxy at longitude l2 ½65#; 85#$ shows
an excess by a factor of 2 when compared to the GALPROP
optimized model predictions. Also for the Cygnus region, the
model predictions are dominated by IC scattering of electrons off

Fig. 3.—Source-subtracted Galactic latitude profile of the "-ray emission around 15 TeV in the inner Galaxy (left), in the Cygnus region (middle), and in the region
above Cygnus (right) as measured by Milagro ( points with errors) and predicted by the optimized GALPROP model. The blue curve shows the total "-ray flux, the red
curve shows the pion contribution, and the green curve shows the IC contribution.
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flux ratio in the data is calculated to be 1:1 ! 0:2 (stat.) com-
pared to a ratio of 2.0 predicted by GALPROP. For the regions
l2 ½85#; 110#$ and l2 ½136#; 216#$, flux upper limits are quoted,
since the statistical significances above the background are
less than 2 !.

The energy spectra, as predicted by the optimized GALPROP
model in the Cygnus region and in the inner Galaxy, l2 ½30#; 65#$,
are shown in Figure 2, together with the EGRET and Milagro
measurements. As can be seen, at Milagro energies the domi-
nating GALPROP contribution to the diffuse flux is due to in-
verse Compton scattering of cosmic-ray electrons off the cosmic
microwave background (CMB). The electron injection spectrum
of the optimized GALPROP model is chosen such that the dif-
fuse "-ray emission spectrummatches the EGRETmeasurement
at GeV energies. The injection spectrum is a broken power law
with a spectral index of %1.5 below 20 GeVand a spectral index
of %2.42 above 20 GeV, extending to a maximum electron energy
of 1000 TeV, with an electron flux of 1:4 ; 10%9 MeV%1 cm%2 s%1

sr%1 at 34.5 GeV (Strong et al. 2004a, 2004b).
Figure 3 shows the Galactic latitude profiles for b2 ½%10#; 10#$

in three regions between Galactic longitude l ¼ 30# and 110#.
Gaussian fits (not shown) to the data distributions for l2 ½30#; 65#$
(left) and l2 ½65#; 85#$ (middle) yield values for the mean con-
sistent with b ¼ 0# and for ! of 0:9# ! 0:3# and 2:0# ! 0:2#,
respectively. Assuming a larger exclusion region around the Ga-
lactic plane in the background estimation (x 2) gives the same
narrowwidth. The emission profiles as predicted by the optimized
GALPROPmodel are overlaid. The blue line shows the total flux
prediction, the green line the inverse Compton, and the red line
the pion contribution. For the GALPROP prediction, as well as
the data, the flux numbers become smaller and the distributions
become wider farther away from the Galactic center. In order to
compare the predicted profiles with the measured profiles, the
#2 in both regions is calculated. In the inner Galaxy region
(l2 ½30#; 65#$ and b2 ½%10#; 10#$), a #2 of 18.3 with 20 degrees
of freedom is derived, corresponding to a probability of 57% that
the #2 for a correct model exceeds the observed one by chance.
In the Cygnus region, this chance probability is calculated to be
10%4. The discrepancy between the model prediction of the lat-
itude profile and the data in the Cygnus region is investigated
further by fitting the measured profile between b ¼ 10# and
%10# to a linear combination of the predicted pion and IC pro-
files, CICpIC(b)þ C$p$(b). The factors CIC and C$ are varied in-
dependently between 0.1 and 10 in steps of 0.1. The minimum

value of #2 is obtained for C$ ¼ 6:9, i.e., an increase of the pion
contribution with respect to the GALPROP prediction by a factor
of 6.9, and CIC ¼ 0:1. The resulting chance probability is 3%.
Performing the same fit to the inner Galaxy latitude profile yields
an increase in the pion contribution of C$ ¼ 5:8 and a decrease
in the IC contribution of CIC ¼ 0:1 with respect to theGALPROP
prediction. The chance probability of this result is 93%, showing
that there is no significant improvement between the two cases.

Figure 3 also shows the Galactic latitude profile for b 2
½%10#; 10#$ in the region above Cygnus (l2 ½85#; 110#$; right).
No significant enhancement near the Galactic plane is visible.

4. DISCUSSION

Measurements of the diffuse TeV "-ray flux from the Galactic
plane, as well as its spatial distribution, the latitude and longi-
tude profiles, have been presented. The diffuse "-ray flux was
compared to predictions based on both the conventional and the
optimized GALPROP models. In the l2 ½30#; 65#$ range, the op-
timized GALPROP prediction is consistent with the Milagro
measurement. According to the GALPROP model, the diffuse
emission near 15 TeV is dominated by the inverse Compton
component, which in turn is dominated by(100 TeVelectrons
scattering off the CMB (60%Y70% of the IC component; see
Fig. 2). Therefore, Milagro measurements can be interpreted as
showing the first indication of the cosmic-ray spectrum up and
beyond 100 TeV using the predictions of the GALPROP opti-
mized model. The propagated average electron spectrum calcu-
lated by the optimized GALPROPmodel predicts a flux of about
4 times the locally measured flux and extends above 100 TeV,
with a differential spectral index of %3. An alternative explana-
tion would be a harder nucleon injection spectrum in the inner
Galaxy than measured locally, but this would have to be checked
against local antiproton measurements (Moskalenko et al. 1998;
Strong et al. 2007). Studies of the lateral "-ray emission profile
in the inner Galaxy show that the profile is rather narrow and sug-
gest a better agreement with the pion assumption. Better sensi-
tivity is needed, however, to significantly differentiate between
the IC and the pion hypotheses.

The Cygnus region is the region with the most significant
flux excess in the Milagro spatial maps. The emission from the
Cygnus region of the Galaxy at longitude l2 ½65#; 85#$ shows
an excess by a factor of 2 when compared to the GALPROP
optimized model predictions. Also for the Cygnus region, the
model predictions are dominated by IC scattering of electrons off

Fig. 3.—Source-subtracted Galactic latitude profile of the "-ray emission around 15 TeV in the inner Galaxy (left), in the Cygnus region (middle), and in the region
above Cygnus (right) as measured by Milagro ( points with errors) and predicted by the optimized GALPROP model. The blue curve shows the total "-ray flux, the red
curve shows the pion contribution, and the green curve shows the IC contribution.
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Figure 3: Galactic map of one year of diffuse gamma rays observed with the completed HAWC detector.
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LS 5039: orbital period 3.9 days
reach for VERITAS: culmination at < 45o elevation

•HAWC can monitor emission to highest energies
•identify other potential TeV binary targets

HESS J0632+057: orbital period ~315 days
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HAWC can contribute to blazar population studies by providing unbiased 
measurements of steady-state quiescent emission, flare strength and frequency, 
etc.

Many known TeV blazars in HAWC’s field of view; possibility for new discoveries 
with detailed VERITAS follow-up observations. It’s worth thinking now about how to 
define our follow-up strategy.
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•HAWC can trigger VERITAS observations of especially bright flares (see Asif’s talk 
later today)

•HAWC can monitor VERITAS-detected flares to determine the average flux over 
multi-day timescales

source strength HAWC-111 time to 5 sigma HAWC-300 time to 5 sigma VERITAS time to 5 sigma

0.3 Crab ~1 month <2 days ~10 minutes

1 Crab ~4 days ~4 hours < 1 minute

3 Crab ~10 hours ~30 minutes ~6 seconds

HAWC-300 simulation of light curve 
from Mrk 421 flare in February 2010
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•joint VERITAS-HAWC analysis 
can constrain the time profile 
of any high-energy emission

GRB 080310

GRB 090510 (HAWC simulated)
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HAWC 5-year limit to Segue 1, 
complementing Fermi and VERITAS 
limits.

bbar channel

tau channel

see Pat Harding’s talk later today



Outlook

17

• Complementary instruments
• VERITAS for in-depth analysis on sources
• HAWC for triggering and monitoring many sources

• Galactic science
• source morphology
• spectral modeling, including high-energy cutoff
• TeV binaries: emission characteristics by phase

• Extragalactic science
• long-term blazar monitoring
• flare alerts
• GRB spectral and time-domain analysis

• Dark matter
• jointly cover mass range from 100 GeV to 100 TeV

• Many opportunities for HAWC-VERITAS collaboration


