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Supernova Remnants & Pulsar Wind Nebulae

• >40 Galactic sources are visible in the Northern sky.  The majority is PWN, followed by SNR and unidentified sources.

• GeV flares from the Crab Nebula have been observed repeatedly but not at TeV energies.  All-sky monitoring in 
TeV will aid in flare search of all PWNe and other transient events.

• Evidence for cosmic ray acceleration in SNR, high energy reach can probe the particle acceleration processes.
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HAWC Gamma-Ray Observatory
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HAWC-111 configuration: 362 - 491 PMTs.
Data taking period: Aug 2, 2013 - Jul 9, 2014.
HAWC-111 PSF68% is 0.6°-2.5°.

• High altitude (4100 m) site at Sierra Negra, Mexico.
• Array of 300 tanks of water covering 22,000 m2 area.
• Each contains 3 8” PMTs and 1 central 10” PMT.
• 2sr instantaneous field of view.
• >95% duty cycle.
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HAWC-111

• Skymap from 280 days of data taken with 1/3 of the HAWC array.
• Point-source analysis optimized on the Crab Nebula.
• Crab Nebula is >20σ, details in F. Salesa’s talk in GA03 Pulsar session.
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Maximum Likelihood Analysis
• Event reconstruction and gamma-hadron separation cuts are applied as described in the poster 
HAWC: Design, Operation, Reconstruction and Analysis by A. Smith in Poster 1 GA.

• Details of the likelihood analysis framework in the poster A high-level analysis framework for HAWC 
by R. Lauer, in Poster 2 GA.

• Using the likelihood analysis, the Crab Nebula is 22σ at (83.52°±0.06°, 22.06°±0.06°).   
The position and flux are compatible with previous reported values.
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For the inner Galactic plane (15<l<50, -4<b<4) analysis:
• Fixed spectral index assumption of 2.3. 
• Point source analysis fitting positions and flux.
• 10 sources and candidates with post-trials significance 
>3σ are identified. 

• Associations with Fermi sources are presented by H. 
Zhou in GA02 GAL.
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1HWC J1838-060

• Source centroid (279.6°±0.3°, -6.0°±0.2°).
• 7.0 σ pre-trials, 6.1σ post-trials.
• Flux at 7 TeV = (11.3±1.2) x 10-14 TeV-1cm-2s-1.
• 0.77° away from HESS J1841-055 centroid.
• 0.97° away from HESS J1837-069 centroid.
• 0.16° away from ARGO reported position of HESS J1841-055.
• Likely associated with unidentified source HESS J1841-055, comparable flux.
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360 The HESS collaboration: Unidentified HESS sources

Fig. 5. Left: a VHE gamma-ray image of HESS J1731−347 plotted as in Fig. 1, with a smoothing radius of 0.1◦. Right: the HESS significance
(black) and adaptively smoothed ROSAT X-ray contours (green), overlaid on the Molonglo radio image (grey-scale). Also shown are the positions
of a high spin-down flux pulsar (filled triangle), the low-mass X-ray binary GX 354-0, and cataloged supernova remnants (blue circles marking
extent). The source labeled X1 is the ROSAT source 1RXS J173251.1-344728, R2 is the point-like radio source 173028-344144, and X2 is the
ROSAT point-source 1RXS J173030.3-343219.

Fig. 6. Left: a VHE gamma-ray image of HESS J1841−055, plotted as in Fig. 1, with a smoothing radius of 0.07◦. Right: the HESS significance
(black) and adaptively smoothed ROSAT X-ray contours (green), overlaid on the NVSS radio image (grey-scale). Also shown are the positions of
known high spin-down flux pulsars (filled triangles), the SNR Kes 73 (circle), the X-ray candidate SNR G26.6-0.1 (blue circle), and the HMXB
AXJ 1841.0-0536. The Ginga source GS 1839-06 is compatible with the location of AXJ 1841.0-0536.

however it is well outside the emission region. There are no cat-
aloged PWN at longer wavelengths identified with any of the
three pulsars (e.g. Gotthelf 2004). The SNR G027.4+00.0 (also
known as Kes 73), which is visible in both X-ray and radio wave
bands, lies at the edge of the emission, though does not appear
related due to its small angular size. Additionally, the high-mass
X-ray binary J1839-06 also lies near the edge of the significant
TeV excess.

ASCA observations of the Scutum arm region reveal a
point-like source, AX J1841.0-0536, near the center of the VHE

emission, which based on its X-ray light curve and optical
emission is suggested to be a Be/X-ray binary pulsar (Bamba
et al. 2001) with a flux in the 6–20 keV energy range of
1.1×10−10 erg cm−2 s−1 and photon index of 2.2±0.3 (Filippova
et al. 2005). A Chandra observation of this object confirms the
identification, with a flux in the 0.5–10 keV energy range of
4.2 × 10−12 erg cm−2 s−1 (Halpern et al. 2004). Given its point-
like extent, AX J1841.0-0536 is not large enough to explain the
entire HESS source, however it may well be responsible for a
component of the emission.

Aharonian et al. A&A 477, 353 (2008)

The Astrophysical Journal, 767:99 (6pp), 2013 April 20 Bartoli et al.
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Figure 4. Zoom of Figure 1 around HESS J1841−055. The squares and the dashed circle indicate the position of the candidates reported in Aharonian et al. (2008).
The circles indicate the two event clusters found in Neronov & Semikoz (2010) at energies above 100 GeV. The ellipses and stars are the same as in Figure 1. The
solid line indicates the Galactic plane.
(A color version of this figure is available in the online journal.)

1 TeV is (35 ± 28)% higher. Due to the large statistical error,
we cannot exclude a systematic effect causing the difference of
flux. However, even taking this systematic error into account,
the flux of HESS J1841−055 observed by ARGO-YBJ is still
about twice that determined by HESS.

On the other hand, the discrepancy is similar to that found
for the two extended sources MGRO J1908+06 and MGRO
J2031+41 (Bartoli et al. 2012c, 2012b). The fluxes measured
by the EAS arrays Milagro and ARGO-YBJ are much higher
than that determined by the Cherenkov arrays. Since a good
agreement has been achieved on the “standard candle”, the
Crab Nebula, some systematic differences between the two
techniques should exist only for extended sources. As pointed
out by Abdo et al. (2012), due to their limited FOV, Cherenkov
telescopes might count the extended emission as background,
especially when using the “wobble mode” to estimate the latter.
It is worth noting that the “wobble mode” was used when HESS
observed HESS J1841−055, and the source was offset by 0.◦7
(Aharonian et al. 2008). The “reflected-region technique” is
used to estimate the background for spectra in a region partially
overlapping the extended source. As a result, HESS would
measure an emission fainter than that measured by ARGO-YBJ.

Different scenarios have been proposed to explain the emis-
sion mechanism of TeV photons. VHE γ -rays can be pro-
duced via inverse-Compton of background photon fields by
high-energy electrons, or, in hadronic models, by inelastic
proton–proton or proton–photon interactions. In both scenar-
ios, X-ray and radio synchrotron emissions are expected, there-
fore the lack of a low-energy counterpart for HESS J1841−055
poses a question about the nature of the emission mechanism.
Aharonian et al. (2008) searched for counterparts responsible
for the VHE γ -ray emission and discussed the possible associa-
tion with six candidates, marked in Figure 4, which is a zoom of

Figure 1 around HESS J1841−055. Three of them are the pulsars
PSR J1838−0549, PSR J1841−0524, and PSR J1837−0604,
of which only the last has a high enough spin-down flux
(Ė/D2 = 5.2 × 1034 erg s−1 kpc−2) to be a counterpart can-
didate. This source is at the boundary of the HESS region, but
not far from the center of gravity of the ARGO-YBJ signal.
However, as pointed out in Aharonian et al. (2008), since the
TeV emission is usually attributed to a relic population of elec-
trons, some contribution can also be expected from the other
pulsars if they had a much higher spin-down luminosity in the
past. No cataloged PWNs at longer wavelengths are associated
with these pulsars, however, according to the recent calcula-
tions of Tibolla et al. (2012); during their evolution ancient
PWNs (≫10 kyr) might appear as GeV–TeV γ -ray sources
without X-ray counterparts. The three other cataloged objects
located inside the HESS uncertainty region are the SNR G027.4
(also known as Kes73), the high-mass XB AX J1841.0−0536,
and the diffuse source G26.6-0.1. The SNR Kes73 lies at the
edge of the TeV emission region. The point-like nature of AX
J1841.0−0536, the only soft γ -ray source detected within the
HESS J1841−055 error ellipse, its variability, and the required
luminosity (about 1036 erg s−1 according to the ARGO-YBJ
data and assuming a distance of 6.9 kpc as inferred in Sguera
et al. 2009) exclude its association with the entire emission
from the extended HESS source. Also the diffuse source G26.6-
01, at only 1.3 kpc and well inside the emission region, could
be responsible at least for part of the TeV flux. In Figure 4
four GeV γ -ray sources from the Fermi-LAT second source cat-
alog within the extension of HESS J1841−055 are also shown:
2FGL J1839.3−0558c, 2FGL J1836.8−0623c, and the two dif-
fuse sources 2FGL J1839.0−0539 and 2FGL J1841.2−0459c
(Nolan et al. 2012). Moreover, the two event clusters at energies
above 100 GeV found by Neronov & Semikoz (2010) are shown.
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Bartoli et al. ApJ 767, 99 (2013)
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Figure 2. Distribution of θ2 for the number of excess events around HESS J1841−055. The filled region outlines the best fit to simulated data assuming a symmetrical
two-dimensional Gaussian shape with σ = 0.◦40.
(A color version of this figure is available in the online journal.)
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Figure 3. Energy density spectrum of HESS J1841−055 as measured by the ARGO-YBJ experiment: the solid line and shaded area indicate the differential energy
spectrum and the 1 s.d. error region. The spectrum measured by HESS (Aharonian et al. 2008) is also reported for comparison. Only statistical errors are shown.

1.◦62. The flux from HESS J1837−069 at energies above 1 TeV
is 17% that of the Crab with spectral index −2.27 (Aharonian
et al. 2006b). Its contributions to the five intervals are estimated
to be 5.8%, 2.7%, 1.0%, 0.7%, and 0.2%, respectively. The
second nearest source is HESS J1843−033, whose flux is still
unknown. A hot spot with a marginal significance of 4.1 s.d. is
observed near its position (Hoppe 2007). With an angular sepa-
ration of 2.◦6, its contribution is estimated to be lower compared
with HESS J1837−069. The contribution from other known
VHE γ -ray sources is negligible. Moreover, an estimate of the
systematic error of ARGO-YBJ is described in Bartoli et al.
(2012b). With an incomplete list of possible causes, such as
time resolution variation, event rate variation with environment

parameters, and pointing error, the systematic error for point
sources is found to be less than 30%, and is lower for extended
sources. Thus, the systematic error of ARGO-YBJ alone is not
enough to explain the discrepancy.

HESS J1841−055 is observed by ARGO-YBJ only at high
zenith angles (θ > 35.◦7), while the observation of the Crab is
also possible at low zenith angles. This difference may cause
some systematic errors when estimating the spectrum of HESS
J1841−055. To check a possible systematic error, observations
of the Crab at zenith angles higher than 30◦ are used. With this
selection, the average zenith angle is about the same as that of
HESS J1841−055. The result is that the Crab spectral index
varies from (2.58 ± 0.07) to (2.52 ± 0.21), and the flux above
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360 The HESS collaboration: Unidentified HESS sources

Fig. 5. Left: a VHE gamma-ray image of HESS J1731−347 plotted as in Fig. 1, with a smoothing radius of 0.1◦. Right: the HESS significance
(black) and adaptively smoothed ROSAT X-ray contours (green), overlaid on the Molonglo radio image (grey-scale). Also shown are the positions
of a high spin-down flux pulsar (filled triangle), the low-mass X-ray binary GX 354-0, and cataloged supernova remnants (blue circles marking
extent). The source labeled X1 is the ROSAT source 1RXS J173251.1-344728, R2 is the point-like radio source 173028-344144, and X2 is the
ROSAT point-source 1RXS J173030.3-343219.

Fig. 6. Left: a VHE gamma-ray image of HESS J1841−055, plotted as in Fig. 1, with a smoothing radius of 0.07◦. Right: the HESS significance
(black) and adaptively smoothed ROSAT X-ray contours (green), overlaid on the NVSS radio image (grey-scale). Also shown are the positions of
known high spin-down flux pulsars (filled triangles), the SNR Kes 73 (circle), the X-ray candidate SNR G26.6-0.1 (blue circle), and the HMXB
AXJ 1841.0-0536. The Ginga source GS 1839-06 is compatible with the location of AXJ 1841.0-0536.

however it is well outside the emission region. There are no cat-
aloged PWN at longer wavelengths identified with any of the
three pulsars (e.g. Gotthelf 2004). The SNR G027.4+00.0 (also
known as Kes 73), which is visible in both X-ray and radio wave
bands, lies at the edge of the emission, though does not appear
related due to its small angular size. Additionally, the high-mass
X-ray binary J1839-06 also lies near the edge of the significant
TeV excess.

ASCA observations of the Scutum arm region reveal a
point-like source, AX J1841.0-0536, near the center of the VHE

emission, which based on its X-ray light curve and optical
emission is suggested to be a Be/X-ray binary pulsar (Bamba
et al. 2001) with a flux in the 6–20 keV energy range of
1.1×10−10 erg cm−2 s−1 and photon index of 2.2±0.3 (Filippova
et al. 2005). A Chandra observation of this object confirms the
identification, with a flux in the 0.5–10 keV energy range of
4.2 × 10−12 erg cm−2 s−1 (Halpern et al. 2004). Given its point-
like extent, AX J1841.0-0536 is not large enough to explain the
entire HESS source, however it may well be responsible for a
component of the emission.

Aharonian et al. A&A 477, 353 (2008)

The Astrophysical Journal, 767:99 (6pp), 2013 April 20 Bartoli et al.
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Figure 4. Zoom of Figure 1 around HESS J1841−055. The squares and the dashed circle indicate the position of the candidates reported in Aharonian et al. (2008).
The circles indicate the two event clusters found in Neronov & Semikoz (2010) at energies above 100 GeV. The ellipses and stars are the same as in Figure 1. The
solid line indicates the Galactic plane.
(A color version of this figure is available in the online journal.)

1 TeV is (35 ± 28)% higher. Due to the large statistical error,
we cannot exclude a systematic effect causing the difference of
flux. However, even taking this systematic error into account,
the flux of HESS J1841−055 observed by ARGO-YBJ is still
about twice that determined by HESS.

On the other hand, the discrepancy is similar to that found
for the two extended sources MGRO J1908+06 and MGRO
J2031+41 (Bartoli et al. 2012c, 2012b). The fluxes measured
by the EAS arrays Milagro and ARGO-YBJ are much higher
than that determined by the Cherenkov arrays. Since a good
agreement has been achieved on the “standard candle”, the
Crab Nebula, some systematic differences between the two
techniques should exist only for extended sources. As pointed
out by Abdo et al. (2012), due to their limited FOV, Cherenkov
telescopes might count the extended emission as background,
especially when using the “wobble mode” to estimate the latter.
It is worth noting that the “wobble mode” was used when HESS
observed HESS J1841−055, and the source was offset by 0.◦7
(Aharonian et al. 2008). The “reflected-region technique” is
used to estimate the background for spectra in a region partially
overlapping the extended source. As a result, HESS would
measure an emission fainter than that measured by ARGO-YBJ.

Different scenarios have been proposed to explain the emis-
sion mechanism of TeV photons. VHE γ -rays can be pro-
duced via inverse-Compton of background photon fields by
high-energy electrons, or, in hadronic models, by inelastic
proton–proton or proton–photon interactions. In both scenar-
ios, X-ray and radio synchrotron emissions are expected, there-
fore the lack of a low-energy counterpart for HESS J1841−055
poses a question about the nature of the emission mechanism.
Aharonian et al. (2008) searched for counterparts responsible
for the VHE γ -ray emission and discussed the possible associa-
tion with six candidates, marked in Figure 4, which is a zoom of

Figure 1 around HESS J1841−055. Three of them are the pulsars
PSR J1838−0549, PSR J1841−0524, and PSR J1837−0604,
of which only the last has a high enough spin-down flux
(Ė/D2 = 5.2 × 1034 erg s−1 kpc−2) to be a counterpart can-
didate. This source is at the boundary of the HESS region, but
not far from the center of gravity of the ARGO-YBJ signal.
However, as pointed out in Aharonian et al. (2008), since the
TeV emission is usually attributed to a relic population of elec-
trons, some contribution can also be expected from the other
pulsars if they had a much higher spin-down luminosity in the
past. No cataloged PWNs at longer wavelengths are associated
with these pulsars, however, according to the recent calcula-
tions of Tibolla et al. (2012); during their evolution ancient
PWNs (≫10 kyr) might appear as GeV–TeV γ -ray sources
without X-ray counterparts. The three other cataloged objects
located inside the HESS uncertainty region are the SNR G027.4
(also known as Kes73), the high-mass XB AX J1841.0−0536,
and the diffuse source G26.6-0.1. The SNR Kes73 lies at the
edge of the TeV emission region. The point-like nature of AX
J1841.0−0536, the only soft γ -ray source detected within the
HESS J1841−055 error ellipse, its variability, and the required
luminosity (about 1036 erg s−1 according to the ARGO-YBJ
data and assuming a distance of 6.9 kpc as inferred in Sguera
et al. 2009) exclude its association with the entire emission
from the extended HESS source. Also the diffuse source G26.6-
01, at only 1.3 kpc and well inside the emission region, could
be responsible at least for part of the TeV flux. In Figure 4
four GeV γ -ray sources from the Fermi-LAT second source cat-
alog within the extension of HESS J1841−055 are also shown:
2FGL J1839.3−0558c, 2FGL J1836.8−0623c, and the two dif-
fuse sources 2FGL J1839.0−0539 and 2FGL J1841.2−0459c
(Nolan et al. 2012). Moreover, the two event clusters at energies
above 100 GeV found by Neronov & Semikoz (2010) are shown.
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1HWC J1836-074c

• Centroid (279.1°±0.3°, -7.4°±0.3°).
• 4.7σ pre-trials, 3.2σ post-trials.
• Flux at 7 TeV = (6.9±1.4) x 10-14 TeV-1cm-2s-1.
• 0.55° away from PWN HESS J1837-069.
• Comparable flux with HESS J1837-069, likely associated.

7

Data Residual

extend much farther to the south than in X-rays. PSR B1823!13
was also proposed to power the close-by unidentified EGRET
source 3EG J1826!1302 (Nolan et al. 2003). The distance of the
centroid of this EGRET source to HESS J1825!137 is 430. As
illustrated in Figure 19 (left), the new VHE gamma-ray source is
well compatiblewith the EGRETsourcewithin the 95%positional
error of EGRET, and a simple power-law extrapolation of the
H.E.S.S. energy spectrum to energies above 1GeV gives a similar
flux as derived from the EGRET spectrum above this energy. An
in-depth study of HESS J1825!137 and discussion about the
corresponding PWN model will be given in a separate paper
(Aharonian et al. 2005e).

5.3.13. HESS J1834!087

HESS J1834!087 (Fig. 20) has a size of 120 and a gamma-
ray flux of 8% of the flux from the Crab Nebula above 200 GeV.
Its energy spectrum exhibits a photon index of 2:45 " 0:16 (see
Fig. 20, top right). When using a large !2 cut of (0N4)2, the nor-
malization of the power-law fit increases by 30%, suggesting a
deviation of the morphology from the assumed radial Gaussian
brightness profile. The location of HESS J1834!087 makes it an-
other source with a compelling positional agreement with an SNR
(see Fig. 20, left). The positionally coincident shell-type SNR
G23.3!0.3 (W41) with a diameter of 270 was mapped in radio
with the VLA at 330 MHz (Kassim 1992) and at 20 cm (White
et al. 2005) as shown in black contours in Figure 20 (left). It is
possibly connected to the old pulsar PSR J1833!0827 (Gaensler
& Johnston 1995). This pulsar is energetic enough to power HESS
J1834!087, but its distance of 240 renders an association unlikely;
there is also no extended PWN detected so far.

5.3.14. HESS J1837!069

This source (Fig. 21) has an elongated shape with a semimajor
axis of 70 " 10 and a semiminor axis of 30 " 10. With a flux of
13.4% of the Crab flux above 200 GeV, the energy spectrum can
be well fitted by a power law of photon index 2:27 " 0:06 (see

Fig. 21, top right). When using a large !2 cut of (0N4)2, the nor-
malization of the power-law fit increases by 30%, suggesting that
the assumption of a Gaussian brightness profile does not hold for
this source. HESS J1837!069 coincides with the southern part
of the diffuse hard X-ray complex G25.5+0.0. This source, which
is 120 across, was detected in the ASCA Galactic plane survey
(Bamba et al. 2003). The nature of this bright X-ray source is un-
clear, but it may be an X-ray synchrotron emission dominated
SNR such as SN 1006 or a PWN. The brightest feature in the
ASCA map (AX J1838.0!0655), located south of G25.5+0.0,
coincides with the VHE emission. This still unidentified source
was also serendipitously detected by BeppoSAX and also in the
hard X-ray (20–100 keV) band in the Galactic plane survey of
INTEGRAL (Malizia et al. 2004).

6. DISCUSSION

Possible multiwavelength associations of the 14 new VHE
gamma-ray sources were discussed in the previous section and
are summarized in Table 5. A further qualification from tentative
associations to unambiguous counterpart identifications requires
spatial or morphological coincidence, a viable gamma-ray emis-
sion mechanism for the object, and consistent multiwavelength
behavior according to the properties of the suggested identifica-
tion. Most of the possible associations given above can be consid-
ered as plausible gamma-ray emitters, but only in a minority of
these cases does a satisfactory positional coincidence exist. Four
of the new sources apparently line up with SNRs. These SNRs
have been detected and studied mostly in the radio domain, but
in the cases of HESS J1640!465 and HESS J1813!178 X-ray
emission was detected by ASCA, and there is marginal evidence
for X-ray emission in ASCA archival data in the case of HESS
J1713!381. Only in the case of HESS J1834!087 is there cur-
rently no evidence for associated X-ray emission.

For three of the new sources, namely, HESS J1616!509,
HESS J1804!216, andHESS J1825!137, a sufficiently energetic
nearby pulsar could account for the VHE gamma-ray emission,

Fig. 21.—Left: Smoothed excess map (smoothing radius 0N05) of the region surrounding HESS J1837!069 along with nearby SNRs that were considered as
counterparts as discussed in the text. The black contours show the smoothed X-ray count map for the region surrounding AX J1838.0!0655 obtained by ASCAwith the
GIS instrument in the 0.7–10 keV band. The positional coincidence of HESS J1836!069with the ASCA source AX J1838.0!0655 is evident.Right: Differential energy
spectrum (top) and the radial distribution (!2) plot (bottom).
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extend much farther to the south than in X-rays. PSR B1823!13
was also proposed to power the close-by unidentified EGRET
source 3EG J1826!1302 (Nolan et al. 2003). The distance of the
centroid of this EGRET source to HESS J1825!137 is 430. As
illustrated in Figure 19 (left), the new VHE gamma-ray source is
well compatiblewith the EGRETsourcewithin the 95%positional
error of EGRET, and a simple power-law extrapolation of the
H.E.S.S. energy spectrum to energies above 1GeV gives a similar
flux as derived from the EGRET spectrum above this energy. An
in-depth study of HESS J1825!137 and discussion about the
corresponding PWN model will be given in a separate paper
(Aharonian et al. 2005e).

5.3.13. HESS J1834!087

HESS J1834!087 (Fig. 20) has a size of 120 and a gamma-
ray flux of 8% of the flux from the Crab Nebula above 200 GeV.
Its energy spectrum exhibits a photon index of 2:45 " 0:16 (see
Fig. 20, top right). When using a large !2 cut of (0N4)2, the nor-
malization of the power-law fit increases by 30%, suggesting a
deviation of the morphology from the assumed radial Gaussian
brightness profile. The location of HESS J1834!087 makes it an-
other source with a compelling positional agreement with an SNR
(see Fig. 20, left). The positionally coincident shell-type SNR
G23.3!0.3 (W41) with a diameter of 270 was mapped in radio
with the VLA at 330 MHz (Kassim 1992) and at 20 cm (White
et al. 2005) as shown in black contours in Figure 20 (left). It is
possibly connected to the old pulsar PSR J1833!0827 (Gaensler
& Johnston 1995). This pulsar is energetic enough to power HESS
J1834!087, but its distance of 240 renders an association unlikely;
there is also no extended PWN detected so far.

5.3.14. HESS J1837!069

This source (Fig. 21) has an elongated shape with a semimajor
axis of 70 " 10 and a semiminor axis of 30 " 10. With a flux of
13.4% of the Crab flux above 200 GeV, the energy spectrum can
be well fitted by a power law of photon index 2:27 " 0:06 (see

Fig. 21, top right). When using a large !2 cut of (0N4)2, the nor-
malization of the power-law fit increases by 30%, suggesting that
the assumption of a Gaussian brightness profile does not hold for
this source. HESS J1837!069 coincides with the southern part
of the diffuse hard X-ray complex G25.5+0.0. This source, which
is 120 across, was detected in the ASCA Galactic plane survey
(Bamba et al. 2003). The nature of this bright X-ray source is un-
clear, but it may be an X-ray synchrotron emission dominated
SNR such as SN 1006 or a PWN. The brightest feature in the
ASCA map (AX J1838.0!0655), located south of G25.5+0.0,
coincides with the VHE emission. This still unidentified source
was also serendipitously detected by BeppoSAX and also in the
hard X-ray (20–100 keV) band in the Galactic plane survey of
INTEGRAL (Malizia et al. 2004).

6. DISCUSSION

Possible multiwavelength associations of the 14 new VHE
gamma-ray sources were discussed in the previous section and
are summarized in Table 5. A further qualification from tentative
associations to unambiguous counterpart identifications requires
spatial or morphological coincidence, a viable gamma-ray emis-
sion mechanism for the object, and consistent multiwavelength
behavior according to the properties of the suggested identifica-
tion. Most of the possible associations given above can be consid-
ered as plausible gamma-ray emitters, but only in a minority of
these cases does a satisfactory positional coincidence exist. Four
of the new sources apparently line up with SNRs. These SNRs
have been detected and studied mostly in the radio domain, but
in the cases of HESS J1640!465 and HESS J1813!178 X-ray
emission was detected by ASCA, and there is marginal evidence
for X-ray emission in ASCA archival data in the case of HESS
J1713!381. Only in the case of HESS J1834!087 is there cur-
rently no evidence for associated X-ray emission.

For three of the new sources, namely, HESS J1616!509,
HESS J1804!216, andHESS J1825!137, a sufficiently energetic
nearby pulsar could account for the VHE gamma-ray emission,

Fig. 21.—Left: Smoothed excess map (smoothing radius 0N05) of the region surrounding HESS J1837!069 along with nearby SNRs that were considered as
counterparts as discussed in the text. The black contours show the smoothed X-ray count map for the region surrounding AX J1838.0!0655 obtained by ASCAwith the
GIS instrument in the 0.7–10 keV band. The positional coincidence of HESS J1836!069with the ASCA source AX J1838.0!0655 is evident.Right: Differential energy
spectrum (top) and the radial distribution (!2) plot (bottom).
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• Source centroid (281.0°±0.2°, -3.1°±0.2°).
• 5.8σ pre-trials, 4.7σ post-trials.
• Flux at 6 TeV = (11.8±2.4) x 10-14 TeV-1cm-2s-1.
• 0.32° away from HESS J1843-033, an extended unidentified source.

• Flux not reported yet.
• 0.61° away from PWN HESS J1846-029 (Kes 75).

• Flux is an order of magnitude higher than HESS J1846-029.
• Near HESS J1848-018 position, 5.0σ pre-trials, 3.7σ post-trials.

• massive star cluster, star forming region with molecular cloud.

Data Residual
THE H.E.S.S. SURVEY OF THE INNER GALACTIC PLANE

Figure 1: Acceptance corrected livetime (equiva-
lent time spent at an offset of 0.5�) along the Galac-
tic plane. All observations passing quality selec-
tion are considered, including survey-mode obser-
vations, re-observations of promising source can-
didates, and dedicated observations of known or
expected VHE �-ray sources. Blue: Observations
taken in 2004/2005, published in [6]. Red: Present
status of data taking near the Galactic plane.

found with significances above 4� [6].
In the years 2005-2007, the survey region was ex-
tended further along the Galactic Plane. The scan
region now covers �85� < l < 60�, �3� < b
< 3�, containing the Carina-Sagittarius arm and
part of the Perseus arm. In total, �325 h of data
were taken in survey mode within this region, to-
gether with 625 h of pointed observations, which
include re-observations of source candidates and
dedicated observations of known or assumed VHE
�-ray emitters. Figure 1 shows the present (red)
and past (blue) exposure of the H.E.S.S. Galactic
plane scan.

New sources of VHE �-rays

In the continuation of the H.E.S.S. Galactic plane
survey, >14 new VHE �-ray sources were discov-
ered so far at statistical significances larger than 5�
post-trials. The possible associations range from
young pulsars such as PSR J1846�258 (Kes 75),
over middle-aged pulsars (PSR J1913+1011) to a
source first discovered at TeV energies by the Mi-
lagro collaboration (MGRO J1908+06). A non-
negligible fraction of the sources, however, have
no obvious counterparts.
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Figure 2: �-ray significance map of the region con-
taining Kes 75, obtained by counting �-rays within
0.22� from a given location. The integration ra-
dius is part of the standard survey analysis, chosen
a-priori and therefore not adjusted to the individ-
ual source sizes. Shown significance values do not
take the statistical trials involved in the survey into
account.

PSRJ1846�0258 and Kes 75

The young shell-type supernova remnant (SNR)
Kes 75 is in many ways similar to the well-
studied Crab SNR. It contains the central pulsar
PSR J1846�0258, which powers an extended ra-
dio and X-ray core, and is therefore another exam-
ple of a centre-filled SNR, or plerion. Its distance
is estimated as �19 kpc [7]. PSR J1846�0258
has a rotation period of 325 ms and a spin-down
age of 728 yrs [8], which apparently makes it the
youngest rotation-powered pulsar yet discovered
[9]. The extensions of the core and the shell are
30” and 3.5’ respectively [7]. Like from the Crab
nebula, a point-like source of VHE �-ray emission
is detected, coincident with the position of Kes 75,
at a significance level of more than 8� post-trials.
For details concerning the H.E.S.S. detection of
this object see [10]. In the same field of view, an
extended source HESS J1843�303was discovered
with a statistical significance of more than 11�
post-trials. In contrast to Kes 75, no obvious coun-
terpart for this source was found yet, but a detailed
archival search is still ongoing.
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• Source centroid (286.8°±0.2°, 6.2°±0.2°), comparable to MGRO J1908+06 position
• 5.7σ pre-trials, 4.6σ post-trials.
• Flux at 4 TeV = (22.0±4.6) x 10-14 TeV-1cm-2s-1, comparable to previously reported 
fluxes.

• Within this ROI, a candidate at 5.1σ pre-trials, 3.9σ post-trials.  
• Part of a candidate list sent out to MOU partners.  VERITAS has performed follow-
up observations at this position and did not detect a point-like gamma-ray source.

Data ResidualModel (3 seed sources)

Aliu et al. ApJ 787, 166 (2014)

The Astrophysical Journal, 787:166 (7pp), 2014 June 1 Aliu et al.
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Figure 3. Map of radio continuum intensity at 1420 MHz in the region near MGRO J1908+06. The color scale shows the brightness temperature in K. Data are
from the VGPS (Stil et al. 2006). The red contours show VHE gamma-ray excess counts and are the same as in Figure 4. The white ellipse shows the extent of SNR
G40.5–0.5. The white “×” shows the location of PSR J1907+0602.
(A color version of this figure is available in the online journal.)
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Figure 4. VERITAS map with CO emission contours overlaid. The black contours show the CO emission and are truncated at the boundaries of the available CO map.
The color scale shows the excess counts and the red contours are at levels of 35, 50, and 65 counts. These approximately correspond to significance levels of 3σ , 4σ ,
and 5σ . The white ellipse shows the extent of SNR G40.5–0.5. The white “×” shows the location of PSR J1907+0602.
(A color version of this figure is available in the online journal.)
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• Source centroid (286.8°±0.2°, 6.2°±0.2°), comparable to MGRO J1908+06 position
• 5.7σ pre-trials, 4.6σ post-trials.
• Flux at 4 TeV = (22.0±4.6) x 10-14 TeV-1cm-2s-1, comparable to previously reported 
fluxes.

• Within this ROI, a candidate at 5.1σ pre-trials, 3.9σ post-trials.  
• Part of a candidate list sent out to MOU partners.  VERITAS has performed follow-
up observations at this position and did not detect a point-like gamma-ray source.
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Figure 3. Map of radio continuum intensity at 1420 MHz in the region near MGRO J1908+06. The color scale shows the brightness temperature in K. Data are
from the VGPS (Stil et al. 2006). The red contours show VHE gamma-ray excess counts and are the same as in Figure 4. The white ellipse shows the extent of SNR
G40.5–0.5. The white “×” shows the location of PSR J1907+0602.
(A color version of this figure is available in the online journal.)
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Figure 4. VERITAS map with CO emission contours overlaid. The black contours show the CO emission and are truncated at the boundaries of the available CO map.
The color scale shows the excess counts and the red contours are at levels of 35, 50, and 65 counts. These approximately correspond to significance levels of 3σ , 4σ ,
and 5σ . The white ellipse shows the extent of SNR G40.5–0.5. The white “×” shows the location of PSR J1907+0602.
(A color version of this figure is available in the online journal.)

6

The Astrophysical Journal, 787:166 (7pp), 2014 June 1 Aliu et al.

Figure 2. VERITAS spectra for the central 1.◦0 (diameter) of J1908. The green
diamonds show the VERITAS spectrum for the whole region (0.◦5 radius region);
the green line is a power-law fit to those data. The black line shows the power-
law fit to the HESS J1908+063 data. The magenta hexagon shows the Milagro
measurement. The VERITAS data are in good agreement with the HESS and
Milagro results. The image data are available in the online journal as the second
extension of supplemental FITS file.
(A color version of this figure is available in the online journal.)

where the effective exposure is limited. We also found that
the counts deviated from zero by more than expected from
statistical fluctuations in regions away from the source. To
account for these deviations, we included a systematic error
of 3.2 counts/bin in our fit. Restricting the fit to a circular
region of radius 1.◦1 (corresponding to twice the value for
σ from the initial two-dimensional-Gaussian fit), we found a
centroid of (R.A., decl.) = (286.◦84 ± 0.◦02, 6.◦22 ± 0.◦02) and
an intrinsic extension of σsrc = 0.◦44 ± 0.◦02. The fit had a
χ2/dof = 983/291 and the constant offset was −0.19 ± 0.34.
Using this region of interest, we detect J1908 at a significance
level of 14 standard deviations (σ ). We assign the source name
VER J1907+062. The large values for χ2/dof indicate that a
simple two-dimensional Gaussian is a very poor representation
of the true morphology. Our best fitted position differs from
the position reported for HESS J1908+063 by 0.◦15. This is
larger than the quoted statistical uncertainties, but a relatively
small fraction of the Gaussian width. The shift may arise due
to systematic effects, e.g., the fact that the emission is not
well described by a symmetric two-dimensional Gaussian or
a difference in energy bands between the two measurements.

4.2. Spectrum

A spectrum derived from a single source region with a
radius of 0.◦5, to account for the extended nature of the TeV
emission and allow direct comparison with the HESS spectrum
(Aharonian et al. 2009), is shown in Figure 2. This region was
centered at the source position obtained from the single two-
dimensional-Gaussian fit to the 1.◦1 region of interest described

above. The diameter of 1.◦0 is approximately equal to the
FWHM of the fitted Gaussian (2.35σsrc = 1.◦03). The spectrum
was unfolded using VERITAS effective collection areas that
were calculated using Monte Carlo simulations of extensive air
showers passed through the analysis chain with a configuration
corresponding to the data-taking conditions and the analysis
selection criteria. The resulting effective areas are used to
calculate a differential photon flux. The differential spectral
points were fit with a simple power law of the form:

dN

dE
= F0 ×10−12 ×

!
E

1 TeV

"−ΓVHE

photons cm−2 s−1 TeV−1 .

(1)
The spectrum contains 1154 photons after background sub-

traction, compared to the HESS J1908+063 spectrum which
had 689. The best-fit parameters were ΓVHE = 2.20 ± 0.10stat ±
0.20sys and F0 = 4.23±0.41stat ±0.85sys, with χ2/DoF = 0.99.
This result is in good agreement with the results from HESS and
Milagro. The spectrum is harder and the total flux is lower than
measured by ARGO-YBJ, but the difference is significant only
at the 2.5σ level (Bartoli et al. 2012). The Milagro spectrum
requires an exponential cutoff between 10 and 40 TeV when the
photon index at low energies is fixed to Γ = 2.1 (Smith 2010).
We fitted the VERITAS data with an exponentially cutoff power
law and place a 90% confidence lower limit on the cutoff energy
of 17.7 TeV.

We extracted spatially resolved spectra from two circular
regions with 0.◦2 radii placed to capture the emission near the
PSR and the SNR, but not overlap, see Figure 1. One region
contains the pulsar location (“PSR region” below), is centered at
R.A. = 286.◦968, decl. = 6.◦015 (J2000), and has 237 net counts.
The other region is near the boundary of SNR G40.5–0.5 (“SNR
region”), is centered at R.A. = 287.◦032, decl. = 6.◦418, and has
238 net counts. The angular separation between the centers of
the two regions is 0.◦408.

To search for spectral variations with magnitudes comparable
to the systematic error on the absolute spectral index measure-
ment, we performed a differential measurement to minimize
the systematic uncertainties. Specifically, we calculated the ra-
tio of the fluxes of the two spectra in each energy bin and
then fitted a power law to the ratios. The best fitted photon in-
dex for the ratio versus energy is then equal to the difference
in photon indices of the two spectra. Because the response of
the array changed when one telescope was relocated in 2009,
we calculated separate spectra for the two epochs and then
fit the whole set of flux ratios simultaneously. We find that
ΓPSR−ΓSNR = −0.04 ± 0.20. There is no statistically significant
evidence for variation in photon index between the two regions.
The spectra of both regions are marginally harder than the spec-
trum of the 1.◦0 diameter region, ΓVHE − ΓPSR = −0.29 ± 0.12
and ΓVHE − ΓSNR = −0.20 ± 0.14.

5. DISCUSSION

The TeV emission from J1908 is strong in the region near
PSR J1907+0602 and also extends toward SNR G40.5–0.5. A
key question regarding the nature of the emission is whether
it is solely due to a PWN associated with PSR J1907+0602
(Abdo et al. 2010) or whether there are additional sources of
TeV emission.

We estimate a physical size for J1908 of 50 pc, assuming
the pulsar distance of 3.2 kpc and adopting twice the σ =
0.◦44 ± 0.◦02 width of the two-dimensional Gaussian fit as the
source diameter. Comparison with other TeV PWNe shows that
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Summary

• 10 sources and candidates are identified in the region 15°<l<50° and -4°<b<4° from 280 
days of partial HAWC array data using a maximum likelihood point-like analysis.  All are 
>10% of the Crab Nebula flux.

• The HAWC observatory has been completed and inaugurated in March 2015.  Analysis of 
data with the full array is ongoing.

• Detailed results from the HAWC-111 dataset will be the subject of an upcoming publication.
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