
Highlights from HAWC

On behalf of the HAWC Collaboration
Sabrina Casanova, IFJ-PAN Krakow

GAMMA 2024, 2-6 Sep 2024, Milano
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HAWC Observatory

Selected recent HAWC results
üGalactic Plane Survey from TeV to hundred TeV

üMicroquasars

üDiffuse Emission from the Galactic Plane and Galactic Centre

ü SNRs and closeby MCs : the case of SNR G106.3+2.7

üThe Sun at TeV energies

Conclusion and Outlook
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l Site: Sierra Negra, Mexico, 19°N, 4,100 m altitude.
l Inaugurated March 2015.
l Instantaneous FOV 2sr. Daily 8sr (66% of the sky) 
l High energy extension: 345 Outrigger array, since summer 2018
l Takes data with >95% of the time
l ~5 trillion triggers to date - 7PB of data



HAWC Water Cherenkov Detectors
l The WCDs are filled with 200,000 l of purified water. The particles from the shower 

induce Cherenkov light in water, detected by the 4 PMTs.

Steel frame 
construction

Water trucks 
filling the tanks

Large plastic 
bag container

8-inch 
10-inch 
PMTs

3900 tanker truck trips needed 5



Detection Technique

• The particle detectors are tanks 
full of water.

• Particles from the shower pass 
through the water and induce 
Cherenkov light detected by 
PMTs.

• Measure: time and light level in 
each PMT. 

• Reconstruct: core, direction, 
energy, and background 
rejection.

HAWC (4100m) Sea level

6
High altitude means closer to the shower maximum



Pass 5 reconstruction
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(a) Two months of actual data (2020) for hadronic events. (b) We used data from simulations of gamma-rays. There is
higher retention of gamma-ray events in Pass 5 (>60%).

Figure 16: Comparison between Pass 4 (faded colors) and Pass 5. There is better background rejection in Pass 5.
Moreover, there is higher retention of gamma-rays, above 60% for all FHit bins.

With previous ratios for gammas and hadrons, we calculated

Q =
E�ciencygammasp
E�ciencyhadrons

. (1)

which is shown in Figure 17

Figure 17: Q factor (equation (1)) for each FHit bin. Even though it looks small at low energies, it keeps above
1. The enhancement becomes evident for the three zenith angle bins at a higher fraction of PMT hit (also higher
energies).

In Figures 18a, 18b we show the gamma/hadron separation e�ciency for o↵-array events with cuts optimized for
large signals. Here, the e�ciency for hadrons decreases faster than for on-array events (Fig. 16a). In this case,
gamma-rays’ e�ciency is bounded between 65% and 85%. The maximum di↵erence (⇡ 10%) between the e�ciency
for the angle bins occurs at the last bin. The bins with smaller e�ciencies are from 16.1% to 47.2% fraction of
PMTs hit.
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Large Events - Much improved background rejection 

Better Angular Resolution - doesn’t degrade at high zenith angles 

Wider FOV - Previous 45o now 60o 

“Q” factor

HAWC Coll 2023



3HWC Catalog 
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1543 days of data Pass 4

65 sources of which 56 can be associated to pulsars 

(HAWC Coll ApJ 2021)



The Galaxy above 56 TeV
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MGRO 2019+371 MGRO 1908+06
HESS J1825+137
HESS J1826-130

but
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FIG. 1.
p
TS map of the Galactic plane for Ê > 56 TeV emission. A disk of radius 0.5� is assumed as the morphology. Black

triangles denote the high-energy sources. For comparison, black open circles show sources from the 2HWC catalog.

FIG. 2. The same as Figure 1, but for Ê > 100 TeV. The symbol convention is identical to Figure 1.

Source name RA (o) Dec (o) Extension > F (10�14
p
TS > nearest 2HWC Distance to

p
TS >

56 TeV (o) ph cm�2 s�1) 56 TeV source 2HWC source(�) 100 TeV

eHWC J0534+220 83.61 ± 0.02 22.00 ± 0.03 PS 1.2 ± 0.2 12.0 J0534+220 0.02 4.44

eHWC J1809-193 272.46 ± 0.13 -19.34 ± 0.14 0.34 ± 0.13 2.4+0.6
�0.5 6.97 J1809-190 0.30 4.82

eHWC J1825-134 276.40 ± 0.06 -13.37 ± 0.06 0.36 ± 0.05 4.6 ± 0.5 14.5 J1825-134 0.07 7.33

eHWC J1839-057 279.77 ± 0.12 -5.71 ± 0.10 0.34 ± 0.08 1.5 ± 0.3 7.03 J1837-065 0.96 3.06

eHWC J1842-035 280.72 ± 0.15 -3.51 ± 0.11 0.39 ± 0.09 1.5 ± 0.3 6.63 J1844-032 0.44 2.70

eHWC J1850+001 282.59 ± 0.21 0.14 ± 0.12 0.37 ± 0.16 1.1+0.3
�0.2 5.31 J1849+001 0.20 3.04

eHWC J1907+063 286.91 ± 0.10 6.32 ± 0.09 0.52 ± 0.09 2.8 ± 0.4 10.4 J1908+063 0.16 7.30

eHWC J2019+368 304.95 ± 0.07 36.78 ± 0.04 0.20 ± 0.05 1.6+0.3
�0.2 10.2 J2019+367 0.02 4.85

eHWC J2030+412 307.74 ± 0.09 41.23 ± 0.07 0.18 ± 0.06 0.9 ± 0.2 6.43 J2031+415 0.34 3.07

TABLE I. Sources exhibiting Ê > 56 TeV emission. A Gaussian morphology is assumed for a simultaneous fit to the source
location and extension (68% Gaussian containment) for Ê > 56 TeV. The integral flux F above 56 TeV is then fitted;

p
TS

is the square root of the test statistic for the integral flux fit. The nearest source from the 2HWC catalog and the angular
distance to it are also provided. In addition, the

p
TS of the same integral flux fit but above Ê >100TeV is provided. All

uncertainties are statistical only. The point spread function of HAWC for Ê > 56 TeV is ⇠0.2� at the Crab declination [19],
but is declination-dependent and increases to 0.35� and 0.45� for eHWC J1825-134 and eHWC J1809-193 respectively. The
overall pointing error is 0.1� [22].

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ Ecut (TeV) PL di↵

eHWC J1825-134 41.1 0.53 ± 0.02 2.12 ± 0.15 2.12 ± 0.06 61 ± 12 7.4

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ � PL di↵

eHWC J1907+063 37.8 0.67 ± 0.03 0.95 ± 0.05 2.46 ± 0.03 0.11 ± 0.02 6.0

eHWC J2019+368 32.2 0.30 ± 0.02 0.45 ± 0.03 2.08 ± 0.06 0.26 ± 0.05 8.2

TABLE II. Spectral fit values for the three sources that emit above 100 TeV. eHWC J1825-134 is fit to a power-law with an
exponential cuto↵ (Eq. 1); the other two sources are fit to a log-parabola (Eq. 2).

p
TS is the square root of test statistic for

the given likelihood spectral fit. Sources are modeled as a Gaussian; Extension is the Gaussian width over the entire energy
range. The uncertainties are statistical only. �0 is the flux normalization at the pivot energy (10 TeV). PL di↵ gives

p
�TS

between the given spectral model and a power-law.

HAWC Collaboration+20
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The Galaxy above 100 TeV: Spectra 
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FIG. 1.
p
TS map of the Galactic plane for Ê > 56 TeV emission. A disk of radius 0.5� is assumed as the morphology. Black

triangles denote the high-energy sources. For comparison, black open circles show sources from the 2HWC catalog.

FIG. 2. The same as Figure 1, but for Ê > 100 TeV. The symbol convention is identical to Figure 1.

Source name RA (o) Dec (o) Extension > F (10�14
p
TS > nearest 2HWC Distance to

p
TS >

56 TeV (o) ph cm�2 s�1) 56 TeV source 2HWC source(�) 100 TeV

eHWC J0534+220 83.61 ± 0.02 22.00 ± 0.03 PS 1.2 ± 0.2 12.0 J0534+220 0.02 4.44

eHWC J1809-193 272.46 ± 0.13 -19.34 ± 0.14 0.34 ± 0.13 2.4+0.6
�0.5 6.97 J1809-190 0.30 4.82

eHWC J1825-134 276.40 ± 0.06 -13.37 ± 0.06 0.36 ± 0.05 4.6 ± 0.5 14.5 J1825-134 0.07 7.33
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�0.2 10.2 J2019+367 0.02 4.85

eHWC J2030+412 307.74 ± 0.09 41.23 ± 0.07 0.18 ± 0.06 0.9 ± 0.2 6.43 J2031+415 0.34 3.07

TABLE I. Sources exhibiting Ê > 56 TeV emission. A Gaussian morphology is assumed for a simultaneous fit to the source
location and extension (68% Gaussian containment) for Ê > 56 TeV. The integral flux F above 56 TeV is then fitted;

p
TS

is the square root of the test statistic for the integral flux fit. The nearest source from the 2HWC catalog and the angular
distance to it are also provided. In addition, the

p
TS of the same integral flux fit but above Ê >100TeV is provided. All

uncertainties are statistical only. The point spread function of HAWC for Ê > 56 TeV is ⇠0.2� at the Crab declination [19],
but is declination-dependent and increases to 0.35� and 0.45� for eHWC J1825-134 and eHWC J1809-193 respectively. The
overall pointing error is 0.1� [22].

Source
p
TS Extension (o) �0 (10�13 TeV cm2 s)�1 ↵ Ecut (TeV) PL di↵

eHWC J1825-134 41.1 0.53 ± 0.02 2.12 ± 0.15 2.12 ± 0.06 61 ± 12 7.4

Source
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eHWC J2019+368 32.2 0.30 ± 0.02 0.45 ± 0.03 2.08 ± 0.06 0.26 ± 0.05 8.2

TABLE II. Spectral fit values for the three sources that emit above 100 TeV. eHWC J1825-134 is fit to a power-law with an
exponential cuto↵ (Eq. 1); the other two sources are fit to a log-parabola (Eq. 2).

p
TS is the square root of test statistic for

the given likelihood spectral fit. Sources are modeled as a Gaussian; Extension is the Gaussian width over the entire energy
range. The uncertainties are statistical only. �0 is the flux normalization at the pivot energy (10 TeV). PL di↵ gives

p
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between the given spectral model and a power-law.

HAWC Collaboration+20
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2800 day maps > 56 TeV 

pointlike

0.5 deg 

most sources are extended 

K. Malone



2800 day maps > 100 TeV
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pointlike

0.5 deg 

K. Malone

 most of which extended 



2800 day maps > 177 TeV
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4HWC catalogue in preparation

pointlike

0.5 deg 
K. Malone



HAWC Observations of Binaries 
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Distance
(kpc)

Companion 
star mass 

(         )

Compact 
star mass 

(       )

Orbital 
period
(days)

Orbital axis 
inclination

( ° )

Jet axis 
inclination

( ° )

V4641 Sgr 6.2 ± 0.7 2.9 ± 0.4 6.4 ± 0.6 2.817 ± 
0.002 72. 3 ± 4.1 <16

SS433 ~ 5.5 >10 8 13.082 79

LS5039 ~2.5 22.9 +3.4 
-1.3 3.7 +1.3 -1.0 3.90603 ± 

0.00017 24.9 ± 2.8

M⊙ M⊙

Properties

X. Wang



SS433 Lobes

638 F. Aharonian et al.: TeV observations of SS-433 and surrounding field

Table 2. Summary of HEGRA IACT-System observations analysed
here and passing run selection criteria of Table 1. The exposures refer
to a region centred on SS-433 of diameter 4.0◦.

Data Obs. time (h) Number of runs
subset

1998 16.1 48
1999 54.6 212
2000 21.9 75
2001 16.4 56

Total 109.9 391

0

20

40

60

80

100

RA (J2000) [ hrs ]

D
ec

 (J
20

00
) [

 d
eg

 ]

E
ff

ec
tiv

e 
E

xp
os

ur
e 

[ h
 ]

1919.219.4

1

2

3

4

5

6

7

8

9

10

Fig. 2. Effective exposure ηt [h] achieved over the FoV for combined
data. Here, η is the FoV response efficiency relative to a value unity
at each tracking position, and t is the observation time. Tracking po-
sitions (a total of 29) are depicted by the black filled triangles. White
circles overlaid represent a-priori targets associated with SS-433 (see
Sect. 3).

FoV efficiency η and exposure t) over the FoV is shown in
Fig. 2. η is estimated from the radial profile of γ-ray like events
in the entire FoV (i.e. after the cut w̄ < 1.1), and agrees well
with Monte-Carlo-derived efficiencies for true off-axis γ-rays.

3. Search for TeV sources

Guided by multiwavelength results, a number of regions in the
FoV were chosen a-priori as possible sites of TeV γ-ray emis-
sion. These included those associated with the SS-433/W50
complex, a number of pulsars, and also SNRs. Where an ex-
tended source of radius θs is assumed, the cut on event direction
used in this analysis, θcut, is given by θcut =

√
θ2s + 0.122. An

estimate of the number of CR background counts also passing
all cuts must be made in order to determine the level of any
γ-ray excess and its significance. The background counts b,
were estimated using the so-called template model (Rowell
2003a). This model uses a subset of events normally rejected
by the w̄ cut (in this case 1.3 < w̄ < 1.5), corrected for
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Fig. 3. Skymap of excess significance S over 3◦ × 3◦ FoV, using bin
steps of 0.05◦ × 0.05◦. At each bin, events are integrated within a circle
of θcut < 0.12◦, appropriate for a point source search. The locations
and sizes of a-priori sources associated with SS-433 are indicated. The
template background model is used to provide the CR background
estimate at each bin position. Given the number of independent trials
in such a skymap (of order few 100) one would expect a few +4σ bins.
See also Fig. 4.

response differences over the FoV, and yields a background
estimate b spatially and temporally consistent with the source
region. This was then used to estimate the excess s − αb for
s source counts and a background normalisation α. As a check,
alternative background estimates employing different spatial
regions in the FoV were also implemented (e.g. regions mir-
rored through the tracking positions were used as background
estimates). Results from these background estimates were con-
sistent with those from the template model and are not repro-
duced here.

Table 3 presents the results for each a-priori location within
the FoV. The statistical significance applies to an assump-
tion of steady TeV emission throughout all observations. No
convincing evidence for TeV emission was noticed at any of
the a-priori source positions. Following the method of Helene
(1983), 99% confidence level upper limits in the range 1 to 12%
of the Crab flux were calculated. The off-axis efficiency η
is taken into account when estimating all flux upper limits.
Furthermore the skymaps of excess significance presented in
Fig. 3 which zooms in on the SS-433 region, and Fig. 4 cover-
ing the whole FoV, show clearly that no convincing evidence
for steady point-like emission is seen from any position in
the FoV.

SS-433 is well known for variable and bursting output at
radio to X-ray energies (see eg. Fender et al. 2000; Kotani
et al. 2002), and we therefore searched for such behaviour in
our dataset. In particular, regular radio outbursts are associated
with jet-ejection events and a number of these have triggered
X-ray observations. Our final observations were in fact trig-
gered by the radio flare of 2 Nov. 2001 (Kotani & Trushkin
2001). In Fig. 5 we compare the daily excess significance from

Binary observed in radio-X-rays

Supergiant > 10 𝑀∘ and 8 𝑀∘	compact object, BH or NS

Accretion believed to be super Eddington

Barion loaded SS433 jet  : 1039-40 erg/s  

SS433 jet speed roughly c/4

Most powerful jets in the Galaxy terminate at 40 pc distance in 
W50 nebula and produce western and eastern X-ray lobes

Particle acceleration & GeV-TeV radiation predicted at the lobes

Hegra 2005 



SS 433 field after subtracting MGRO J1908+06   

4Plots – 911d

PRELIMINARY PRELIMINARY

PRELIMINARY

4Plots – 911d

PRELIMINARY PRELIMINARY

PRELIMINARY

4Plots – 911d

PRELIMINARY PRELIMINARY

PRELIMINARY

6√TS Distribution – Raw Map 911d vs 1017d
Nature, HAWC Coll 2018

 SS-433 lobes with HAWC 5Plots – 1017d

SS433 field after subtracting the lobes too  

Raw Map

Extended Data Table 2 Dependence of Flux at 20 TeV on Spectral Assumption
dN/dE at 20 TeV [⇥10�16 TeV�1 cm�2 s�1]
Index: -1.5 Index: -2.0 Index: -2.5

Cutoff Energy East Lobe West Lobe East Lobe West Lobe East Lobe West Lobe
No Cutoff 1.0+0.3

�0.2 0.9+0.3
�0.2 2.4+0.6

�0.5 2.1+0.6
�0.5 3.3+0.9

�0.7 2.4+0.9
�0.6

50 TeV 4.7+1.1
�0.9 4.2+1.1

�0.9 5.0+1.2
�1.0 4.1+1.3

�0.9 3.2+0.9
�0.7 1.7+1.1

�0.7

300 TeV 1.7+0.5
�0.4 1.6+0.5

�0.4 3.3+0.8
�0.7 2.9+0.8

�0.7 3.6+0.9
�0.7 2.4+0.9

�0.7

Fit results with different spectral models for the �-ray emission.

Galactic diffuse emission are < ±20% and �10% (�20%) for the east (west) hotspot, respec-
tively, and are discussed in previous sections.

The detector response is estimated using Monte Carlo simulations and then optimized using
observations of the Crab Nebula 32, which appears point-like in the HAWC data. Systematic uncer-
tainties which potentially affect the result presented here include the charge resolution and relative
quantum efficiency of the PMTs, the absolute quantum efficiency of the PMTs, changes to the de-
tector layout as construction proceeded, uncertainties in the PSF, and systematic differences in the
distribution of arrival times of photoelectrons between data and simulation. The total systematic
uncertainty on the flux normalization from detector effects is ±50%.

All the components of the systematic uncertainties are summarized in Extended Data Table 3
and combined in quadrature to estimate the total systematic uncertainty on the VHE flux from the
w1 and e1. We note that since the systematic uncertainties due to MGRO J1908+06 and GDE are
anti-correlated, the quadrature sum overestimates the total systematic uncertainty. However, the
effect is not particularly important, since the detector systematic effects are the dominant source of
uncertainty.

Extended Data Table 3 Systematic uncertainties on the flux from SS 433
Systematic East Lobe West Lobe
Detector Systematic Effects ±50%
MGRO J1908+06 Modeling < ±20%
Galactic diffuse contamination �10% �20%
Total ±55% ±55%

Systematic 1� error budget for the VHE �-ray fits.

X-ray Template Fit and Upper Limit on the Extent of the Emission Regions We performed
several maximum likelihood fits modeling the hotspots as spatially extended sources. In the first
fit, we generated spatial templates for the eastern and western regions based on the X-ray contours
published by ROSAT 41 and then performed a joint likelihood fit with the two �-ray hotspots and
MGRO J1908+06. This produces no improvement in TS over a point-source fit.

In order to constrain the size of the �-ray emission regions, likelihood fits are applied using a
Gaussian morphology convolved with the point spread function of HAWC. To reduce the number
of free parameters, we first fit MGRO J1908+06 using an RoI with SS 433 and its hotspots ex-
cluded. The extended fit from MGRO J1908+06 is then subtracted from the data, and the residual
�-ray emission from the �-ray hotspots is fit using two Gaussian functions. The centers of the

15



HAWC May 2022

SS-433 lobes with HAWC
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• The first micro-quasar HAWC detected 
•  1017 days of HAWC observations 
•  Post-trial 5.4 σ 
• Emission coincident with e1 and w1
•  HAWC emission shows that powerful 

jets accelerate particles beyond 100 TeV
•  Combining g and X-rays B~16	𝜇G

Nature, HAWC Coll 2018

Energy Budget :

~0.5% of jet power into electron 
acceleration

~100% of jet energy over 30000 years 
lifetime of SS 433 into accelerating protons 
of at least 250 TeV with spectral index -2. if 
n=0.1 cm-3 But do we really know the 
ambient gas density ?

Nature, HAWC Coll 2018



Short Title for header Chang Dong Rho
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Spectrum of the west lobe

West lobe

Short Title for header Chang Dong Rho

4. Results

Figure 1 (left) shows the significance map of the west lobe region produced using ⇠ 1922 days
of HAWC NN data. Figure 1 (right) shows the same region with the background sources subtracted
using the best model found in Section 3. The new best-fit location is marked by the red cross,
which is indeed located close to the jet interaction region “w1”. On both plots, the white contours
extracted from X-ray observations have been overlaid to compare the emission regions between
X-rays and gamma rays.

Figure 2 shows the the flux data points of the west jet lobe produced from this work. The data
points have been computed for each energy bin from c to l. The previous data point from [4] is also
indicated in the plot. The two results are consistent within their uncertainties. The spectrum seems
to follow a power-law like structure without any immediate signatures of a hard cutoff.

Figure 1: Left: The original significance map of the SS 433 region. Right: The residual map after
subtracting the fitted MGRO J1908+06 model.

5. Conclusion

In this work, we have used 1,922 days of HAWC data to carry out a follow-up analysis on the
TeV gamma-ray emission observed from the SS 433 west jet lobe. The systematic blind search has
yielded the same number of sources as our previous assumption in [4]. Using a multi-source model,
we have computed the spectrum of the west jet lobe reaching over 100 TeV for the first time. For
the future work, by combining with other multi-wavelength data, we expect to produce a spectral
energy distribution for the west lobe, which would allow us to study the particle composition of the
jets.

4

• 1922 days of data

• Better Reconstruction

• Blind search of the region yields results 
compatible with 2018 analysis

1910 days of data 
• Increased significance

• Individual analysis
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Figure 2 shows the the flux data points of the west jet lobe produced from this work. The data
points have been computed for each energy bin from c to l. The previous data point from [4] is also
indicated in the plot. The two results are consistent within their uncertainties. The spectrum seems
to follow a power-law like structure without any immediate signatures of a hard cutoff.
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subtracting the fitted MGRO J1908+06 model.
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In this work, we have used 1,922 days of HAWC data to carry out a follow-up analysis on the
TeV gamma-ray emission observed from the SS 433 west jet lobe. The systematic blind search has
yielded the same number of sources as our previous assumption in [4]. Using a multi-source model,
we have computed the spectrum of the west jet lobe reaching over 100 TeV for the first time. For
the future work, by combining with other multi-wavelength data, we expect to produce a spectral
energy distribution for the west lobe, which would allow us to study the particle composition of the
jets.
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H.E.S.S. did a follow up of SS 433 (see Laura’s talk)



•  Transient X-ray binary first detected flares in 1999 
– X-ray flux reached 12.2 Crab in 8 hr

• Arcsec radio jets inclined < 16o  (VLA) 
• Black-hole  6.4 M⊙ (MacDonald+2014)
• B-star companion  2.9  M⊙ 
• Orbital period 2.8 d, distance 6.2  kpc
• Super-Eddington accretion
• Superluminal jets - apparent expansion speed 9.5c 

MAXI LONG TERM
OBSERVATIONS

8

What We Know About V4641 Sgr

• Consist of a 6.4  black hole and ~2.9  
companion star 

• Distance: 6.6 kpc 

• Orbit period: ~2.8 day 

• Jet inclination: <16°

M⊙ M⊙

• Outburst in September 1999, X-ray flux reach up 
to 12.2 Crab in 8 hours 

• Radio jet-like structure observed by the Very 
Large Array (VLA) 

• X-ray observation focus on the outbursts 

• MAXI has long term light curve provide 

• H.E.S.S. yields upper-limit with 1.7 hour 
observation in 2008

Credit: (R.M. Hjellming, NRAO, VLA, Associated Universities, Inc.)

MAXI Light curve of the V4641 Sgr

VHE Photons 
coincident 
with V4641 Sgr



VHE Photons coincident with V4641 Sgr

• 2400 days obs 26.11.2014 till 27.06.2022 – on-array events – 3 deg ROI

• High zenith angle for HAWC   - 45o off zenith

• 8.8σ above 1 TeV and  5.2σ above 100 TeV

21

(a) (b)

Figure 1: Significance map around the V4641 Sgr region. (a): For events with measured energy greater than 1 TeV.
The value TS refers to the likelihood ratio test statistic described in Equation 1 in the Methods section. The green
contours indicating significance are mapped to

p
TS values ranging from 4.5 to 8.5, increasing inwards at intervals of

one from the outermost contour to the innermost. The black stars represent the best-fit locations from the model with
two point sources. (b): Significance map (of the same region) including only events with measured energy greater
than 100 TeV. The white circle represents the angular resolution at a radius corresponding to 68% event containment
(0.17�) at this energy range. The V4641 Sgr location is taken from Ref. 4. These significance maps are made by
assuming a point-source hypothesis and a power-law spectrum with the best-fit index ↵ = �2.2.

Source Name R.A. [�] Dec. [�] N0 [⇥10�16cm�2TeV�1s�1] Index (↵) Extension upper limit
at 95% CL [�]

Physical distance to the black hole
(distance: 6.6 kpc)

Southern 274.82± 0.04 �25.87± 0.03 2.4+0.6
�0.5(stat.)

+0.2
�0.5(syst.) �2.2± 0.2(stat.)+0.07

�0.02(syst.) 0.23 0.46� ⇠ 55 pc

Northern 274.82± 0.03 �25.18± 0.02 2.6+0.5
�0.4(stat.)± 0.4(syst.) �2.2± 0.2(stat.)+0.07

�0.05(syst.) 0.17 0.23� ⇠ 30 pc

Table 1: Best-fit parameters for a model with two point sources; the optimal pivot energy, E0, is 47 TeV for both
sources.
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HAWC Collaboration, Nature 2024



Figure 2: Differential spectrum weighted by E2 for the northern and southern sources in a model with two point
sources and for the asymmetric extended source in a model with a single asymmetric extended source. The shaded
regions indicate the best-fit spectra and 1� statistical uncertainties when fitting a single-power-law model to the data
from 10 to >200 TeV. The markers correspond to the best-fit values and their 1� statistical uncertainties obtained when
fitting a single-power-law model to data in individual energy bins. The chosen energy range for plotting the spectrum
is specified in Methods.

7

22

(a) (b)

Figure 1: Significance map around the V4641 Sgr region. (a): For events with measured energy greater than 1 TeV.
The value TS refers to the likelihood ratio test statistic described in Equation 1 in the Methods section. The green
contours indicating significance are mapped to

p
TS values ranging from 4.5 to 8.5, increasing inwards at intervals of

one from the outermost contour to the innermost. The black stars represent the best-fit locations from the model with
two point sources. (b): Significance map (of the same region) including only events with measured energy greater
than 100 TeV. The white circle represents the angular resolution at a radius corresponding to 68% event containment
(0.17�) at this energy range. The V4641 Sgr location is taken from Ref. 4. These significance maps are made by
assuming a point-source hypothesis and a power-law spectrum with the best-fit index ↵ = �2.2.

Source Name R.A. [�] Dec. [�] N0 [⇥10�16cm�2TeV�1s�1] Index (↵) Extension upper limit
at 95% CL [�]

Physical distance to the black hole
(distance: 6.6 kpc)

Southern 274.82± 0.04 �25.87± 0.03 2.4+0.6
�0.5(stat.)

+0.2
�0.5(syst.) �2.2± 0.2(stat.)+0.07

�0.02(syst.) 0.23 0.46� ⇠ 55 pc

Northern 274.82± 0.03 �25.18± 0.02 2.6+0.5
�0.4(stat.)± 0.4(syst.) �2.2± 0.2(stat.)+0.07

�0.05(syst.) 0.17 0.23� ⇠ 30 pc

Table 1: Best-fit parameters for a model with two point sources; the optimal pivot energy, E0, is 47 TeV for both
sources.
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Spectra and morphology of the lobes

HAWC Collaboration, Nature 2024
• Morphology:  two sources (8,1 s and 
6.8 s) or a roughly 70 pc extended one 

• PL spectra up to 220 TeV 

• No time flux variations using 
selected time intervals

• Similar acceleration location as
In SS 433

• Large-scale jets in the Galaxy might
be more common than previously thought

• Leptonic scenario challenging due to 
cooling losses. If hadronic PeV candidate
budget ~1050erg



Arc-sec Radio jet during the outburst of 1999

Weather 
and 
Climate ? 

100 pc persistent structure, HAWC 2022



Arc-sec Radio jet duringthe outburst of 1999

Weather 
and 
Climate ? 

100 pc persistent structure, HAWC 2022

• H.E.S.S. did a follow up of the source (see Laura’s talk)



Galactic Diffuse Emission 
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GDE measurement by HAWC Data 13

Figure 6. Significance map of the source-subtracted map, generated by subtracting the model of the source (Figure 3, top),

obtained in the multi-source fitting procedure, from the “original map” (Figure 1).

lmin lmax |b| < F7 ⇥10�12 Index f10 f100

(�) (�) (�) (TeV�1 s�1cm�2sr�1) % %

43 73 2 8.89 ± 0.37�0.70
+0.48 -2.61 ± 0.03�0.04

+0.02 72.7 71.8

43 73 4 5.45 ± 0.25�0.44
+0.38 -2.60 ± 0.03�0.04

+0.01 76.1 75.3

43 56 2 9.9 ± 0.6 -2.70 ± 0.04 68.8 67.4

43 56 4 5.8 ± 0.4 -2.69 ± 0.05 73.1 71.7

56 64 2 8.9 ± 0.7 -2.58 ± 0.06 86.4 86.6

56 64 4 5.2 ± 0.5 -2.60 ± 0.07 87.9 88.1

64 73 2 7.8 ± 0.7 -2.48 ± 0.07 67.2 67.2

64 73 4 5.5 ± 0.45 -2.51 ± 0.06 73.7 73.4

Table 2. Spectrum of the GDE in various sub-regions of the ROI. The first error represents the statistical; the second shows the

systematic uncertainty. For each region, the GDE parameters are reported for |b| < 2� and |b| < 4�. f10 and f100 are the fraction

of the GDE flux with respect to the total flux, up to 10 TeV and 100 TeV respectively. The flux F7: di↵erential flux at 7 TeV.

The same sources of systematic uncertainty considered in HAWC’s performance papers (Abeysekara et al. 2017),(Abeysekara

et al. 2019) are considered here.

average) spectral index compatible with the spectral index of the locally measured CR population up to tens of TeV251

(see section 1). The harder spectral indices of the GDE of some sub-regions (as shown in table 2) are likely due to the252

contribution of unresolved sources.253

GDE measurement by HAWC Data 7

Figure 1. Significance map of the total emission measured by HAWC (“original map”) shown over a range in latitude between

b 2 [�4�, 4�]. A significance map is a 2-D visualization of the significance value per each pixel, where significance =
p
TS (Wilks

1938), and TS is the Test Statistic, as defined using the likelihood ratio (Abeysekara et al. 2017).

as:

Ftot = Fsources + FGDE (1)

where Fsources is the flux produced by all sources (⌃i Fsourcei), and FGDE is the flux corresponding to the GDE. The182

“original map” is the starting point of the analysis of the GDE, which will be carried out essentially in two steps. In the183

first step, a map of the source-emission will be obtained and then subtracted from the measured HAWC map (“original184

map”, Figure 1). In this way, a “source-subtracted” map, which in principle should contain only GDE radiation, will185

be generated. In the second step, the analysis of the source-subtracted map will yield the spectral, longitudinal, and186

latitudinal features of the GDE emission.187

The contribution of source emission to the total emission is obtained by a multiple-source fitting process, in which188

a model for the total radiation, including point-like or extended gamma-ray sources resolved by HAWC and the GDE189

(treated as an extended source), is fitted to the “original map”.190

The best fit for the hotspots — characterized as significance excess larger than three (�>3) — in the “original map”,191

results in 21 (either point-like or extended) sources, as labeled in Figure 3 5.192

In the model, the spectral distributions of the 21 sources are assumed to be power-law spectra with exponential193

cuto↵s, while the spectral distribution for the diffuse emission is a simple power-law (SPL). All extended sources are194

assumed to have a Gaussian morphology with variable size. A normalized 2-D morphological template (flux map)195

5
Spectral parameters and extension (in the case of extended sources) of sources labeled in significance maps di↵er from those in the catalogs

(H.E.S.S. Abdalla et al. (2018), HAWC Albert et al. (2020)), since they are based on a model fitting including a GDE model in the analysis.

10 Nayerhoda et al.

Figure 3. Significance maps of the reference models. Top: the fitted model for point-like and extended sources used to obtain

the source-subtracted map. Middle: Reference model of GDE obtained from DRAGON. Bottom: Sum of the fitted model for the

sources and GDE.

HAWC, ApJ 2023

Source-subtracted map
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Figure 9. Spectra of the GDE measured by di↵erent experiments at di↵erent regions, and DRAGON estimations for total and

⇡0-decay emission; HAWC and DRAGON within 43� < l < 73� (left panel: |b| < 2�, and right panel: |b| < 5�), statistical errors

and the systematic errors are listed in Table 2. Milagro at 15 TeV for 2 regions within |b| < 2� (Abdo et al. 2008). An upper

limit quoted by HEGRA-IACT (99% confidence level) in |b| < 2� (Aharonian et al. 2001). ARGO-YBJ in 40� < l < 100�

(Bartoli et al. 2015), and LHAASO-KM2A in 15� < l < 125� (Cao et al. 2023), both within |b| < 5�.

HEGRA-IACT (Figure 9) reported an upper limit for GDE above 1 TeV (99% C.L.) with a presumed spectral index306

of -2.6 (Aharonian et al. 2001). As shown in Figure 9, the HAWC measurement is below HEGRA’s upper limit; this307

excess suggests a significant contribution of unresolved sources in GDE measured by HEGRA-IACT, likely due to308

the non-ideal modeling for the sources in the HEGRA-IACT analysis. Moreover, HEGRA-IACT has measured the309

GDE in a narrow region closer to the Galactic center (lower Galactic longitude), which is expected to have a more310

significant di↵use emission (as it can be seen in Figure 6). In Figure 9, the estimated spectra of DRAGON for the ⇡0-decay311

mechanism, and total di↵use emission (which is a sum of ⇡0-decay and IC) are shown. The IC contribution modelled312

with DRAGON is negligible. In Figure 9 we also include a comparison with the ARGO-YBJ measurements. However, we313

remark that a comparison of HAWC findings with the ARGO-YBJ results is di�cult. ARGO-YBJ reported the GDE314

emission from higher longitudes (further away from the Galactic center), with energies ranging from ⇠ 350 GeV to ⇠315

2 TeV.316

4. DISCUSSION AND CONCLUSION317

We have presented the first analysis of the spectral and angular distribution of the di↵use gamma-ray emission318

measured by HAWC above 1 TeV over a portion of the Galactic Plane between longitude and latitude of l 2 [43�, 73�]319
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Figure 6. Significance map of the source-subtracted map, generated by subtracting the model of the source (Figure 3, top),

obtained in the multi-source fitting procedure, from the “original map” (Figure 1).

lmin lmax |b| < F7 ⇥10�12 Index f10 f100

(�) (�) (�) (TeV�1 s�1cm�2sr�1) % %

43 73 2 8.89 ± 0.37�0.70
+0.48 -2.61 ± 0.03�0.04

+0.02 72.7 71.8

43 73 4 5.45 ± 0.25�0.44
+0.38 -2.60 ± 0.03�0.04

+0.01 76.1 75.3

43 56 2 9.9 ± 0.6 -2.70 ± 0.04 68.8 67.4

43 56 4 5.8 ± 0.4 -2.69 ± 0.05 73.1 71.7

56 64 2 8.9 ± 0.7 -2.58 ± 0.06 86.4 86.6

56 64 4 5.2 ± 0.5 -2.60 ± 0.07 87.9 88.1

64 73 2 7.8 ± 0.7 -2.48 ± 0.07 67.2 67.2

64 73 4 5.5 ± 0.45 -2.51 ± 0.06 73.7 73.4

Table 2. Spectrum of the GDE in various sub-regions of the ROI. The first error represents the statistical; the second shows the

systematic uncertainty. For each region, the GDE parameters are reported for |b| < 2� and |b| < 4�. f10 and f100 are the fraction

of the GDE flux with respect to the total flux, up to 10 TeV and 100 TeV respectively. The flux F7: di↵erential flux at 7 TeV.

The same sources of systematic uncertainty considered in HAWC’s performance papers (Abeysekara et al. 2017),(Abeysekara

et al. 2019) are considered here.

average) spectral index compatible with the spectral index of the locally measured CR population up to tens of TeV251

(see section 1). The harder spectral indices of the GDE of some sub-regions (as shown in table 2) are likely due to the252

contribution of unresolved sources.253

Emission spectrum 2.7

Emission 2-3 times higher than the 
diffuse emission from local CR flux
and diffusion coefficient from 
secondary/primary ratio



Diffuse Emission from the CMZ

• HAWC emission after subtracting HESS J1745-
290 (Sgr A*) and HESS J1746-285 (Radio Arc)

• 5.7 s detection

• PL no cutoff until 114 TeV

26

•2456 days observations

• GC at 48o  zenith

•7.0 s detection in Pass 5

•Best-fit model : point-like source with 
•a simple power law spectrum up to 114 TeV 

HAWC Collaboration, ApJL 2024
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Figure 1. Galactic Center analysis results. (a) Significance map obtained using the HAWC neural network energy estimator
(on- and o↵-array events) (Abeysekara et al. 2019) and the position of the three main point sources and one extended source
in the GC region as measured by H.E.S.S.. The dashed circle outlines the extension UL at 68% CL. We also include the di↵use
region used in the H.E.S.S. analysis (H.E.S.S. Collaboration et al. 2016). (b) Spectra of the two H.E.S.S. sources, along with
the best-fit spectrum of HAWC J1746-2856. The dashed lines for the H.E.S.S. sources show the extrapolation of their best-fit to
the HAWC energy range. The flux points are calculated for each energy bin (Albert et al. 2024) by fixing all the fit parameters
except for the flux normalization. (c) HAWC emission after subtracting the two H.E.S.S. point sources. We also show the
density distribution contours of the ambient gas as traced by CS (J1-0) line emission (Tsuboi et al. 1999). (d) Original best-fit
HAWC spectral energy distribution (SED) and the result after subtracting the two H.E.S.S. point-source spectra. As a reference,
we include the di↵use emission measured by H.E.S.S. Collaboration et al. (2016), as their region is almost spatially coincident
with our model. See Section 3 for details.

in the spectral index occurs at low energies where HAWC is not sensitive enough to probe the cause, given the large178

zenith angle. However, we find no evidence of significant spectral curvature from 10s of TeV to 114 TeV. Other IACTs179

have also measured the di↵use emission. However, they use regions with significantly di↵erent morphologies: in the180

studies by H.E.S.S. (Abdalla et al. 2018) and MAGIC (Acciari et al. 2020) the entire l | ± 1�| GC region is included,181

while VERITAS Adams et al. (2021) utilized seven circular regions of 0.1° radius outside of the H.E.S.S. (H.E.S.S.182

Collaboration et al. 2016) annuli.183

In summary, we have shown that the measured flux of HAWC J1746-2856 is significantly higher than that of HESS184

J1745-290 and HESS J1746-285. Therefore, even after excluding their contributions, the spectrum extends beyond185

100 TeV.186

4. DISCUSSION187

The origin of the emission from the CMZ

27

HAWC Collaboration, 2024 • HAWC and HESS datapoints compatible

• No spectral cutoff up to 100 TeV

• Maximum g energy : 114TeV at 68% CL

• HAWC max g energy ~ 2 HESS max g energy

6

The HAWC detection of photons with energies exceeding 100 TeV further strengthens the hadronic-origin interpreta-187

tion suggested by H.E.S.S. Collaboration et al. (2016), where relativistic protons (&1 PeV) collide with the surrounding188

dense ambient gas.189

In the leptonic scenario, the gamma-ray emission comes from the inverse Compton scattering of electrons with190

energies Ee > 100 TeV. In the GC region, these electrons have a short lifetime, mostly due to synchrotron radiation.191

Assuming a magnetic field strength of 100 µG (Crocker et al. 2010), the cooling time is:192

tcool ⇡ 13

✓
Ee

100TeV

◆�1 ✓ B

100µG

◆�2

yr , (3)193

corresponding to a maximum distance that the electrons may travel c tcool = 4pc, even assuming the extreme case of194

ballistic movement. Such a distance is significantly smaller than the size of the CMZ, which is hundreds of parsec.195

Therefore, the HAWC observation strongly disfavors the leptonic scenario. The only way to make such a scenario work196

would be to have tens of unresolved electron accelerators co-existing in the region.197

In the hadronic scenario, although ⇡0 decay is the dominant cool-down channel (Aharonian et al. 2009; Longair 2010),198

the cooling time is so much larger than the escape time (by several orders of magnitude) that the proton-cooling e↵ect199

is negligible (Scherer et al. 2023). The escape time of Ep = 1 PeV protons can be roughly estimated as:200

tescape ⇡
r2

2D
⇡ 100

✓
r

40 pc

◆2 ✓ Ep

1PeV

◆�0.3

yr , (4)201

where D ⇠ 1.2⇥ 1030(Ep/100 TeV)0.3 cm2/s (Strong et al. 2007) is the di↵usion coe�cient in the interstellar medium202

(ISM) and r ⇠ 40 pc is the radius of the di↵use emission region used in H.E.S.S. Collaboration et al. (2016). As the203

magnetic field at the GC is much higher than that of the average ISM (Crocker et al. 2010), protons are likely confined204

therein for a longer time. Nonetheless, tescape is much shorter than the age of the Galaxy, implying that the proton205

source(s) are either very young or injecting protons into the CMZ in a recent burst. Therefore, the only plausible206

explanation is that one or more sources quasi-continuously accelerate and inject high-energy protons into the CMZ at207

rates that exceed the escape time.208

Finally, we estimated the gamma-ray luminosity (L�(E� � 10 TeV) = 2.24⇥1034 erg/s) by integrating the di↵erential209

flux of the HAWC central source between 10 and 114 TeV, subtracting the contribution of H.E.S.S. point sources and210

assuming an 8.5 kpc distance to the GC region. With this result, we calculated the energy density of cosmic-ray211

protons using our measurement of the gamma-ray flux above 10 TeV to be:212

wp(� 10E�) = 1.8⇥ 10�2
⇣⌘N
1.5

⌘�1
✓
L�(E� � 10 TeV)

1034 erg/s

◆✓
M

106M�

◆�1

eV/cm3 ⇡ 8.1⇥ 10�3 eV/cm3 , (5)213

where the CS total mass of the gas (5⇥ 106M�) is the sum of CS mass in the three H.E.S.S. annuli that are roughly214

coincident with the HAWC region (H.E.S.S. Collaboration et al. 2016) and ⌘N = 1.5 considers the existence of nuclei215

heavier than hydrogen in cosmic rays and the interstellar matter. This energy density obtained for >100 TeV protons216

is larger than the 1⇥10�3 eV/cm3 local measurement by the Alpha Magnetic Spectrometer (AMS; Aguilar et al. 2015;217

Abeysekara et al. 2021). Additionally, we calculate the total energy budget of protons with energies >100 TeV:218

Wp ⇡ L�(E� � 10 TeV) tpp ⇡ 3.53⇥ 1049n�1 erg , (6)219

where tpp ⇡ 5⇥ 107n�1 yr is the cooling time for proton-proton (pp) interactions assuming the relative velocity of the220

interacting protons to be equivalent to the speed of light (c) and an ambient gas density of n, in units of cm�3. We221

estimated the cosmic-ray energy density from H.E.S.S. measurements using the di↵use region shown in Figure 1. By222

integrating the protons with energies between 100 TeV and 1140 TeV, we found the integral cosmic-ray density to be223

⇡ 2.1⇥1049n�1 erg, which is compatible with HAWC’s results. Our interpretation is consistent with the steady proton224

source scenario suggested by H.E.S.S. Collaboration et al. (2016). Therefore, we attribute the UHE gamma rays to225

the freshly accelerated proton cosmic rays from the local accelerators within the GC region, which continuously inject226

protons with PeV energies.227

5. CONCLUSIONS228
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The HAWC detection of photons with energies exceeding 100 TeV further strengthens the hadronic-origin interpreta-188

tion suggested by H.E.S.S. Collaboration et al. (2016), where relativistic protons (&1 PeV) collide with the surrounding189

dense ambient gas.190

In the leptonic scenario, the gamma-ray emission comes from the inverse Compton scattering of electrons with191

energies Ee > 100 TeV. In the GC region, these electrons have a short lifetime, mostly due to synchrotron radiation.192

Assuming a magnetic field strength of 100 µG (Crocker et al. 2010), the cooling time is:193

tcool ⇡ 13

✓
Ee

100TeV

◆�1 ✓ B

100µG

◆�2

yr , (3)194

corresponding to a maximum distance that the electrons may travel c tcool = 4pc, even assuming the extreme case of195

ballistic movement. Such a distance is significantly smaller than the size of the CMZ, which is hundreds of parsec.196

Therefore, the HAWC observation strongly disfavors the leptonic scenario. The only way to make such a scenario work197

would be to have tens of unresolved electron accelerators co-existing in the region.198

In the hadronic scenario, although ⇡0 decay is the dominant cool-down channel (Aharonian et al. 2009; Longair 2010),199

the cooling time is so much larger than the escape time (by several orders of magnitude) that the proton-cooling e↵ect200

is negligible (Scherer et al. 2023). The escape time of Ep = 1 PeV protons can be roughly estimated as:201

tescape ⇡
r2

2D
⇡ 100

✓
r

40 pc

◆2 ✓ Ep

1PeV

◆�0.3

yr , (4)202

where D ⇠ 1.2⇥ 1030(Ep/100 TeV)0.3 cm2/s (Strong et al. 2007) is the di↵usion coe�cient in the interstellar medium203

(ISM) and r ⇠ 40 pc is the radius of the di↵use emission region used in H.E.S.S. Collaboration et al. (2016). As the204

magnetic field at the GC is much higher than that of the average ISM (Crocker et al. 2010), protons are likely confined205

therein for a longer time. Nonetheless, tescape is much shorter than the age of the Galaxy, implying that the proton206

source(s) are either very young or injecting protons into the CMZ in a recent burst. Therefore, the only plausible207

explanation is that one or more sources quasi-continuously accelerate and inject high-energy protons into the CMZ at208

rates that exceed the escape time.209

Finally, we estimated the gamma-ray luminosity (L�(E� � 10 TeV) = 2.24⇥1034 erg/s) by integrating the di↵erential210

flux of the HAWC central source between 10 and 114 TeV, subtracting the contribution of H.E.S.S. point sources and211

assuming an 8.5 kpc distance to the GC region. With this result, we calculated the energy density of cosmic-ray212

protons using our measurement of the gamma-ray flux above 10 TeV to be:213

wp(� 10E�) = 1.8⇥ 10�2
⇣⌘N
1.5

⌘�1
✓
L�(E� � 10 TeV)

1034 erg/s

◆✓
M

106M�

◆�1

eV/cm3 ⇡ 8.1⇥ 10�3 eV/cm3 , (5)214

where the CS total mass of the gas (5⇥ 106M�) is the sum of CS mass in the three H.E.S.S. annuli that are roughly215

coincident with the HAWC region (H.E.S.S. Collaboration et al. 2016) and ⌘N = 1.5 considers the existence of nuclei216

heavier than hydrogen in cosmic rays and the interstellar matter. This energy density obtained for >100 TeV protons217

is larger than the 1⇥10�3 eV/cm3 local measurement by the Alpha Magnetic Spectrometer (AMS; Aguilar et al. 2015;218

Abeysekara et al. 2021). Additionally, we calculate the total energy budget of protons with energies >100 TeV:219

Wp ⇡ L�(E� � 10 TeV) tpp ⇡ 3.53⇥ 1049n�1 erg , (6)220

where tpp ⇡ 5⇥ 107n�1 yr is the cooling time for proton-proton (pp) interactions assuming the relative velocity of the221

interacting protons to be equivalent to the speed of light (c) and an ambient gas density of n, in units of cm�3. We222

estimated the cosmic-ray energy density from H.E.S.S. measurements using the di↵use region shown in Figure 1. By223

integrating the protons with energies between 100 TeV and 1140 TeV, we found the integral cosmic-ray density to be224

⇡ 2.1⇥1049n�1 erg, which is compatible with HAWC’s results. Our interpretation is consistent with the steady proton225

source scenario suggested by H.E.S.S. Collaboration et al. (2016). Therefore, we attribute the UHE gamma rays to226

the freshly accelerated proton cosmic rays from the local accelerators within the GC region, which continuously inject227

protons with PeV energies.228

5. CONCLUSIONS229

UHE gamma rays are emitted by cosmic rays accelerated up to PeV 
energies by the local quasi-continuous accelerators within the GC region. 
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Observations of SNRs



SNR G106.3+2.7 and the Boomerang 
region

HAWC Collaboration, ApJL 2020

• SNR G106.3+2.7 is a 10kyr comet-shaped 
radio source at 0.8 kpc  

• PSR J2229+6114, seen in radio, X-rays, and 
gamma rays 

• Boomerang Nebula is contained in the 
remnant 

• VERITAS source (energy range 900 GeV – 
16 TeV)

• HAWC emission pointlike, morphology 
compatible with VERITAS source and 
coincident with a region of high gas density
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Gamma PL  : 2.29,   Lower limit on gamma Ecut = 120 TeV

Proton PL :  2.35,    Lower limit on proton Ecut = 800 TeV,  

Wp = 1048 (n/50)-1 erg

G106.3+2.7 : a Galactic PeVatron?

VERITAS index = -2.29
HAWC index = -2.25

Joint VERITAS-HAWC PL  from 800 GeV to 180 TeV
 

HAWC Collaboration, ApJL 2020



Boomerang region: tail and head

31

12

• In new HAWC data, HAWC resolves two 
sources 

• MAGIC sees two sources 

• Head Region (Upper Source) 

• Contains PWN and PSR 

• IC scattering in the PWN 

• Tail Region (Lower Source) 

• Molecular cloud nearby 

• Both pion decay and IC scattering are  
plausible

HAWC J2227+ 610 (Boomerang region) 

HAWC Pass5 Data MAGIC

https://pos.sissa.it/395/796/pdf

12

• In new HAWC data, HAWC resolves two 
sources 

• MAGIC sees two sources 

• Head Region (Upper Source) 

• Contains PWN and PSR 

• IC scattering in the PWN 

• Tail Region (Lower Source) 

• Molecular cloud nearby 

• Both pion decay and IC scattering are  
plausible

HAWC J2227+ 610 (Boomerang region) 

HAWC Pass5 Data MAGIC

https://pos.sissa.it/395/796/pdf

Head Region Contains PSR J2229+6114 and its nebula 

Tail Region contains SN ejecta - SNR G106.3+2.7
HAWC Collaboration, 2021



> 56 TeV photons from MC complex 
close to SNR G106.3+2.7

32

A&A proofs: manuscript no. output

Fig. 4. a) The HAWC significance map of the region above 56 TeV. b) The brightness temperature image (Taylor et al. 2003) of the SNR overlaid
with the HAWC 3, 4, and 5� contours in white. c) Molecular hydrogen column density integrated over a velocity range of �20 km/s to 0 km/s
(Dame et al. 2001). d) The Planck 353 GHz template normalized to 1/sr that is used in the UHE HAWC fit.

Table 2. Best-fit results from the simple modeling above 56 TeV, which assumes a point source with a PL spectrum. All errors are statistical.

RA [�] DEC [�] N0 [cm-2TeV-1s-1] Index Pivot [TeV] TS

337.05 ± 0.07 60.92 ± 0.04 1.7+0.6
�0.4 ⇥ 10�16 3.0 50 29

where d = 800 pc. Finally, we use the luminosity to calcu-
late the CR proton energy density using the same approach as
Abramowski et al. (2016):

!CR(� 10E�) ⇡ 1.8 ⇥ 10�2
✓ ⌘N

1.5

◆�1✓ L(� E�)
1034erg/s

◆✓
M

106M�

◆�1
, (8)

where ⌘N = 1.5 for heavier nuclei, M = 0.23 ⇥ 105
M� and

!CR is in eV/cm3, which is calculated the same way as in Albert
et al. (2021). Here, we assume that the proton energy scales as
10⇥ that of the gamma ray energy (Cristofari et al. 2018), so we
are probing protons that are >560 TeV. The CR density is found
to be 10.3 ⇥ 10�3 eV/cm3 for protons >560 TeV.

The SNR has a length of 14 pc and a width of 6 pc (Kothes
et al. 2001). Since the tail is more elongated than the head, we
assume that the tail is 2/3 of the length of the SNR. We also as-
sume that the SNR is also capable of expanding 14 pc in all other
directions as well, so we use a cube of 6 pc ⇥ 9.33 pc ⇥ 28 pc as
the volume of the tail region as a higher estimate of the energy
budget. Using these dimensions and the CR energy density, find
that the energy budget for these CR protons that are >560 TeV
is 7.62 ⇥ 1044 erg.

The hadronic-type modeling in this section assumes that pro-
tons are producing the UHE HAWC data. After being acceler-
ated in the shock fronts of the SNR ejecta, the protons travel to
the nearby molecular cloud and produce gamma rays through
PD. We get a proton energy budget of 7.62 ⇥ 1044 erg for pro-

Article number, page 6 of 12

R. Alfaro et al.: Molecular Cloud Paradigm Near SNR G106.3+2.7

Fig. 3. Spectral energy distribution (SED) of the ground-based VHE gamma ray observations. The green SED with circle flux points are the
all-energy HAWC results from this work. The magenta dotted line is the HAWC result for the >56 TeV molecular cloud template analysis. The
red line (KM2A) and blue line (WCDA) are from the first LHAASO catalog (Cao et al. 2024). All SEDs show only statistical uncertainties. The
open stars, right-facing triangles, left-facing triangles, squares, and x-marks correspond to the VERITAS (Acciari et al. 2009), MAGIC tail (Abe
et al. 2022), MAGIC head (Abe et al. 2022), Tibet AS� (Amenomori et al. 2021), and LHAASO (Cao et al. 2021) measurements, respectively.

where ⌦ is the angular area of the cloud and d = 800 pc as
the distance to the cloud (Kothes et al. 2001)

4. Normalize data to 1/sr– required for a 3ML 2D template

Figure 4.d shows the Planck dust map template with
HAWC’s >56 TeV 3, 4, and 5� contours. Appendix B gives ad-
ditional information and important caveats for the template it-
self. This template, along with a power-law spectrum and a fixed
index of �3.0, are used to fit HAWC’s UHE emission shown in
figure 4.a. The spectral index for this fit was chosen to be slightly
softer than the all-energy measured index (�2.76) as a way to
capture the curvature that causes a sharp dropo↵ at higher en-
ergies (figure 3). The best-fit normalization at 50 TeV for the
template fit is 2.8 +0.9

�0.7 ⇥ 10�16 (1/TeV s cm2).

3.2.2. Simple Leptonic Model Fitting

We also explore the possibility of a leptonic mechanism produc-
ing the UHE HAWC data. This would mean that electrons are
being accelerated by the SN ejecta or the PWN winds. For this
scenario, we model the region with a point source morphology
and a power-law spectrum, which has a fixed index of �3.0. Ta-
ble 2 lists the best-fit values for the position and flux normaliza-
tion after fitting the emission shown in figure 4.a with the simple
model.

4. Scenarios for Gamma Ray Production

4.1. Cosmic Ray Energy Density from Protons

In section 3.2.1, we explore a hadronic-related fit to the HAWC
UHE data with a molecular cloud template. We estimate the CR
energy density using purely hadronic interactions and the mea-
sured gamma ray flux. The CR energy density can then be used
to roughly determine the amount of energy that would be needed
for the CR population in the region. We start by calculating the
gamma ray energy flux using the best-fit gamma ray spectrum
from our molecular cloud template fit:

J =

Z
E f

Ei

E
dN

dE
dE, (5)

where

dN

dE
= k

✓
E

Epiv

◆�↵
, (6)

and Ei = 56 TeV, E f = 316 TeV, and k, Epiv and ↵ are the same
best-fit values from the fitting in section 3.2.1. Next, we use the
integrated flux to calculate the luminosity:

L(� E�) = 4⇡d2
J, (7)

Article number, page 5 of 12

• 2565 days Pass 5 data 
 
• Emission > 56 TeV comes from a 

region between tail and head

• PL spectrum 

• Morphology best fit with Planck 353 
Ghz dust opacity map template

• If hadronic 
𝑤! > 560	𝑇𝑒𝑉 ~10"#~100	𝑤$%&

HAWC Collaboration, A&A 2024
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Looking for TeV photons from the Sun



The rise of the TeV Sun.

Fermi sees the Sun up to ~100 GeV

Correlated to solar cycle. Higher flux at 
Solar Min

Emission mechanism thought to be from 
CR hadrons interacting with the 
atmosphere of the sun

Not necessarily in the limb

34

ApJ 2023

Anticorrelation with solar activity

In HAWC PL index 3.62

6.1 yr of data

6,3 sigmas 

HAWC, ApJ 2022



Erice Summer School 2022 - J Goodman
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PreliminaryPreliminary

Preliminary Preliminary

Max Min

Solar Max and Solar Min

 HAWC, ApJ 2022
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Sky Survey 

76 SOURCES IN TEVCAT
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Extreme accelerators in HAWC sky

Boomerang SNR-MC Cloud
Geminga

Microquasars
Gal Centre

The Sun

Boomerang, ApJ 2020

Subtracting HAWC PWN & -	Cygni

13

§ Significance map of the region after 
subtracting HAWC PWN & γ	Cygni
with 0.5° smearing applied

§ HAWC (RA, Dec): (307.65°, 41.14°)

§ Gaussian radius of ~ 2°

§ Described by a simple power law 
spectrum

Contours:
0.16, 0.24 and 0.32  
photons/bin from 
FERMI-LAT Cocoon

Cygnus Bubble

GDE measurement by HAWC Data 13

Figure 6. Significance map of the source-subtracted map, generated by subtracting the model of the source (Figure 3, top),

obtained in the multi-source fitting procedure, from the “original map” (Figure 1).

lmin lmax |b| < F7 ⇥10�12 Index f10 f100

(�) (�) (�) (TeV�1 s�1cm�2sr�1) % %

43 73 2 8.89 ± 0.37�0.70
+0.48 -2.61 ± 0.03�0.04

+0.02 72.7 71.8

43 73 4 5.45 ± 0.25�0.44
+0.38 -2.60 ± 0.03�0.04

+0.01 76.1 75.3

43 56 2 9.9 ± 0.6 -2.70 ± 0.04 68.8 67.4

43 56 4 5.8 ± 0.4 -2.69 ± 0.05 73.1 71.7

56 64 2 8.9 ± 0.7 -2.58 ± 0.06 86.4 86.6

56 64 4 5.2 ± 0.5 -2.60 ± 0.07 87.9 88.1

64 73 2 7.8 ± 0.7 -2.48 ± 0.07 67.2 67.2

64 73 4 5.5 ± 0.45 -2.51 ± 0.06 73.7 73.4

Table 2. Spectrum of the GDE in various sub-regions of the ROI. The first error represents the statistical; the second shows the

systematic uncertainty. For each region, the GDE parameters are reported for |b| < 2� and |b| < 4�. f10 and f100 are the fraction

of the GDE flux with respect to the total flux, up to 10 TeV and 100 TeV respectively. The flux F7: di↵erential flux at 7 TeV.

The same sources of systematic uncertainty considered in HAWC’s performance papers (Abeysekara et al. 2017),(Abeysekara

et al. 2019) are considered here.

average) spectral index compatible with the spectral index of the locally measured CR population up to tens of TeV251

(see section 1). The harder spectral indices of the GDE of some sub-regions (as shown in table 2) are likely due to the252

contribution of unresolved sources.253

ApJ 2023

Diffuse Emission

Nat Astr 2021

Nature 2018                     Nature 2024

Science 2017

Apj 2023

Improved HAWC reconstruction algorithm Sohyoun Yun-Cárcamo

3. Conclusion

The HAWC collaboration has made significant improvements to the reconstruction algorithm,
resulting in an enhanced detector performance. Incorporating the MPF algorithm for noise sup-
pression is crucial in analyzing small events that greatly impact the low-energy effective area. This
allows for the detection of distant active galaxy nuclei and gamma-ray bursts below 300 GeV[5, 6].
Improving core reconstruction using simulated gamma-ray showers and correcting systematic errors
in direction fitting has improved our angular containment for highly inclined showers by a factor of
2 at the highest energies. We have also achieved a factor of 3 improvement in the & factor in the
same regime and can now observe the galactic center at over 5.7f of significance (see Figure 6).
The Pass 5 reconstruction algorithm has been verified through the observation of the Crab Nebula
in three different bins (by fraction of PMT hit), with maximum significances of 49.1f, 101.6f,
and 62.8f and median energies of 0.7, 6.0 and 35.0 TeV respectively, over 2434 days. There’s an
overall agreement between the 68% angular containment from simulations and data.

As a result of these enhancements, HAWC can now detect previously invisible sources above
the 5f significance threshold, and we are preparing an updated source catalog. This advanced
reconstruction algorithm also brings us closer to incorporating our outrigger array into the future
Pass 6 revision.

     Maximum significance 5.7

Galactic Center ridge

HESS J1746-285 VER J1746-289

Preliminary
HESS J1745-303

HESS J1745-308

HESS J1745-302SNR G000.9+00.1

Figure 6: Preliminary significance map of the Galactic Center region using all the bins from our analysis by
fraction of PMT hit. The maximum significance detected in this region is 5.7 f.

References

[1] Albert, A., et al. "3HWC: The third HAWC catalog of very-high-energy gamma-ray sources."
The Astrophysical Journal 905.1 (2020): 76.
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(a) (b)

Figure 1: Significance map around the V4641 Sgr region. (a): For events with measured energy greater than 1 TeV.
The value TS refers to the likelihood ratio test statistic described in Equation 1 in the Methods section. The green
contours indicating significance are mapped to

p
TS values ranging from 4.5 to 8.5, increasing inwards at intervals of

one from the outermost contour to the innermost. The black stars represent the best-fit locations from the model with
two point sources. (b): Significance map (of the same region) including only events with measured energy greater
than 100 TeV. The white circle represents the angular resolution at a radius corresponding to 68% event containment
(0.17�) at this energy range. The V4641 Sgr location is taken from Ref. 4. These significance maps are made by
assuming a point-source hypothesis and a power-law spectrum with the best-fit index ↵ = �2.2.

Source Name R.A. [�] Dec. [�] N0 [⇥10�16cm�2TeV�1s�1] Index (↵) Extension upper limit
at 95% CL [�]

Physical distance to the black hole
(distance: 6.6 kpc)

Southern 274.82± 0.04 �25.87± 0.03 2.4+0.6
�0.5(stat.)

+0.2
�0.5(syst.) �2.2± 0.2(stat.)+0.07

�0.02(syst.) 0.23 0.46� ⇠ 55 pc

Northern 274.82± 0.03 �25.18± 0.02 2.6+0.5
�0.4(stat.)± 0.4(syst.) �2.2± 0.2(stat.)+0.07

�0.05(syst.) 0.17 0.23� ⇠ 30 pc

Table 1: Best-fit parameters for a model with two point sources; the optimal pivot energy, E0, is 47 TeV for both
sources.

6



Conclusions and Outlook

Since 2013 HAWC has shown that the Galaxy is full of VHE-UHE sources   

• Survey of the Galaxy in the TeV- hundred TeV domain

• Monitor and serendipitous discovery of transient sources up to hundred TeVs

• Diffuse emission from the GP and CMZ – Confirmation of GC PeVatron

• TeV photons from the Sun

• Star Formation regions

• New source class : TeV halos.

• Boomerang region : SNR as PeVatrons

• Long monitoring of extragalactic sources such as Mrks

Plans for Future 

• Analysis of multiple year data from the outrigger array in Pass6

• HAWC plans to continue operation waiting for SWGO38



Back-up Slides

39



The detector and Pass5 reconstruction

40



Direction reconstruction

The concentration of secondary particles is highest 
along the trajectory of the original primary particle, 
termed the air shower core. 

Determining the position of the core on the ground is 
key to reconstructing the direction 

At first order, we fit a plane to the relative timing of 
each PMT

Sub-nanosecond precision is needed

41



Gamma-Hadron Separation

• Main background is hadronic CR, e.g. 400 g/day from the Crab vs 15k CR/s.

• Gamma/hadron can be discriminated based on the event footprint on the detector: 
gamma-ray showers are more compact, cosmic rays showers tend to "break apart”

• Showers appear quite different particularly above several TeV..

HAWC Data 
 Likely Gamma Ray 

HAWC Data 
Hadron ShowerGamm

a
Hadron

Simulation

42



Shower reconstruction

Reference: Crab paper, ApJ 843 (2017), 39, HAWC Coll 2023
4
3

Clumpy: hadron-like Smooth: gamma-like



Pass 5 reconstruction

44

(a) Two months of actual data (2020) for hadronic events. (b) We used data from simulations of gamma-rays. There is
higher retention of gamma-ray events in Pass 5 (>60%).

Figure 16: Comparison between Pass 4 (faded colors) and Pass 5. There is better background rejection in Pass 5.
Moreover, there is higher retention of gamma-rays, above 60% for all FHit bins.

With previous ratios for gammas and hadrons, we calculated

Q =
E�ciencygammasp
E�ciencyhadrons

. (1)

which is shown in Figure 17

Figure 17: Q factor (equation (1)) for each FHit bin. Even though it looks small at low energies, it keeps above
1. The enhancement becomes evident for the three zenith angle bins at a higher fraction of PMT hit (also higher
energies).

In Figures 18a, 18b we show the gamma/hadron separation e�ciency for o↵-array events with cuts optimized for
large signals. Here, the e�ciency for hadrons decreases faster than for on-array events (Fig. 16a). In this case,
gamma-rays’ e�ciency is bounded between 65% and 85%. The maximum di↵erence (⇡ 10%) between the e�ciency
for the angle bins occurs at the last bin. The bins with smaller e�ciencies are from 16.1% to 47.2% fraction of
PMTs hit.

13

Large Events - Much improved background rejection 

Better Angular Resolution - doesn’t degrade at high zenith angles 

Wider FOV - Previous 45o now 60o 

“Q” factor

HAWC Coll 2023



Pass 5 Reconstruction
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Performance of HAWC with the improved reconstruction algorithms 9
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(a) Trigger conditions (b) Gamma/hadron cuts

Figure 1. Comparison between the FHit e↵ective area of the Pass 4 and Pass 5 EAS reconstructions for three di↵erent zenith-
angle intervals for (a) events in which the shower core lands on the array and which pass the trigger conditions and (b) events
that additionally pass gamma/hadron cuts. We stop plotting the e↵ective area at 500 TeV because at higher energy the PMTs
receive charge beyond their calibration limit (hardware saturation). With the Pass 5 improvements, useable e↵ective area begins
at a lower energy than in Pass 4, and at the highest energy, the e↵ective area saturates at the physical area of the primary
array. The Pass 4 performance is not the full Pass 4 performance, only of on-array Pass 4 events.

We calculate the e↵ective collection area of the primary HAWC array, as a function of energy, using simulations (see317

Section 2). To do so, we calculate:318

Ae↵ = ✏⇡Athrown , (3)319

where Athrown is the area over which simulated EASs are thrown and ✏ is the fraction of events thrown that triggered320

the detector. In Figure 1(a), we compare the FHit Pass 4 and Pass 5 analyses as a function of the true energy of the321

simulated primary gamma ray for events that passed trigger and quality conditions only. In Figure 1(b), we show the322

subset of events from Figure 1(a) that passed gamma/hadron separation cuts, which naturally decrease the e↵ective323

area.324

Pass 5 has approximately three to five times more e↵ective area at low energies for the range from 0 to 46� zenith325

mainly due to the inclusion of small events as a result of the improvement in noise suppression with the MPF algorithm326

described above (see Section 3.2). These events have a relatively poor angular resolution and a high background, so327

their inclusion does not improve the sensitivity of HAWC to sources extending well above 1 TeV, such as the Crab.328

In Figure 1(a), it is clear that in Pass 4 the area decreased above 100 TeV, regardless of the shower inclination. Pass329

5 improves the high energy e↵ective area by over a factor of two, reaching the physical area of the primary array. As330

described in Section 3.1, this was achieved by allowing more PMTs to be a↵ected in large showers by the after-pulsing331

veto, as it was shown that only having 80% of PMTs available for reconstruction was not an impediment to improving332

the performance of the reconstruction algorithms.333

As described in Sections 3.4 and 3.6, and shown in Section 4.3, the inclusion of a LDF fit to the EAS footprint for334

gamma/hadron separation cuts in Pass 5 and its optimization by zenith angle (Section 3.7) improved the background335

rejection by up to a factor of four for large zenith angles. The impact of this is seen in Figure 1(b) for zenith angles336

37� to 46�, in which the e↵ective area can be seen to have increased at all energies, reaching the physical area of the337

primary array at approximately 200 TeV, increasing the chances of detecting a source at a high zenith angle up to338

energies of ⇠ 300 TeV.339

In Figure 2(a), we show the e↵ective collection area of events with cores landing o↵-array (see Section 3.3). Figure340

2(b) shows events in (a) that also passed gamma/hadron separation cuts.341

In Figure 2(a), the e↵ective area can be seen to reach ⇠33,000 m2 (physical area ⇥1.5) at 10 TeV, but the e↵ective342

area threshold at low energy is larger compared to on-array Pass 5 events for all three zenith angle bins. O↵-array343

events are reconstructed based on the hits of PMTs in the primary array, therefore, low-energy (small) showers may344

not trigger enough PMTs to be reconstructed. On the other hand, when the core of a large shower lands o↵-array,345

the primary array receives mostly the tail of the shower, which does not trigger the after-pulse veto. Therefore, the346

HAWC Coll 2023
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Figure 3. Comparison of the angular resolution for on-array events by the Pass 4 and Pass 5 EAS reconstructions for (a) angular
resolution as a function of true gamma-ray primary energy—using the NN analysis approach—and (b) angular resolution as a
function of FHit. The x-axis shows the lower boundaries of FHit bins as in Table 2. See Section 4.2 for details. The Pass 4
performance is not the full Pass 4 performance, only of on-array Pass 4 events.

(a) Energy (b) FHit

Figure 4. Angular resolution achieved by Pass 5 EAS reconstruction of o↵-array events for (a) angular resolution as a function
of true gamma-ray primary energy—using the NN analysis approach—and (b) angular resolution as a function of FHit. The
x-axis shows the boundaries of FHit bins as in Table 2. Note that no comparison can be made as Pass 4 could not identify
o↵-array events (see Section 3.3).

with increasing energy. As a function of FHit, we can also see that o↵-array events have worse angular resolution than
on-array (Figure 3(b)), but we still get an agreement between the three zenith angle bins.

4.3. Gamma/hadron separation e�ciency

Here we compare the performance of the FHit gamma/hadron separation cuts in Pass 4 and Pass 5 for on-array
events. As explained in Section 3.6, in Pass 5, we replaced the parameter PINC with the reduced �2 obtained from
a fit to the LDF measured in the HAWC primary array based on the NKG function. We calculate the separation
e�ciency as the ratio of the number of events passing the gamma-hadron cuts to the total number of events that
passed trigger conditions only. To compute the e�ciency of EASs from gamma-ray primaries retained after cuts, ✏� ,
we use simulations. For hadronic primaries, ✏h, we use data, since the vast majority of EASs triggering ground-based
observatories are background events initiated by hadronic primaries (mostly protons).
In Figure 5(a), we compare the calculated gamma-ray e�ciencies ✏� in the Pass 4 and Pass 5 FHit reconstructions as

a function of FHit. We can see from this that Pass 5 improved the retention of gamma-ray events to �50% for all bins.
Figure 5(b) shows the same comparison for the hadron e�ciencies, ✏h. As expected, the fraction of events passing

5 times effective area 
at low energies

3 times better angular 
resolution at high zeniths



VHE AND UHE Photons 
from SFRs and the 
origin of Galactic CRs



Cyg OB2 in IR, GeV and TeV
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HAWC significance map 
of the Cygnus Cocoon

§ Fermi-LAT	detection	of	hard	and	
extended	GeV	gamma-ray	emission	
in	Cygnus

§ “Cocoon”	of	freshly	accelerated		
cosmic	rays	

§ Extent	~ 50	pc	between	OB2		and	
SNR	Gamma	Cygni

§ Origin	possibly	attributed	to	
Gamma	Cygni or/and	OB2

2

Cygnus	Cocoon	

Ackermann,	M.,	et	al.	2011,	Science,	334,	1103

Fermi detected hard and extended emission from
Cygnus X, between OB2 and Gamma Cygni SNR

§ Attributed due to a
Cocoon of freshly 
accelerated Cosmic Rays

§ Powered by Supernova 
Remnant or Star forming 
region?

§ Evidence of star forming 
region as GCR accelerator

§ Unique and only seen at 
GeV energies – no TeV
counterpart so far

Fermi-LAT Cocoon

Fermi-LAT Residual Photon Count Map 
photons/bin

Ackermann, M., et al. 2011, Science, 334, 1103

5

Ackermann, M., et al. 2011

Subtracting HAWC PWN & -	Cygni

13

§ Significance map of the region after 
subtracting HAWC PWN & γ	Cygni
with 0.5° smearing applied

§ HAWC (RA, Dec): (307.65°, 41.14°)

§ Gaussian radius of ~ 2°

§ Described by a simple power law 
spectrum

Contours:
0.16, 0.24 and 0.32  
photons/bin from 
FERMI-LAT Cocoon

HAWC Coll, NatAstr 2021

First superbubble up to 100 TeV energies



Cosmic Ray Acceleration in SFRs

     

CRs up to PeV energies accelerated within a region the SFR 

CR energy density > 10 TeV higher than local CR energy density

1/r profile - a continous injection. Constant profile - a recent burst event happened less than 0.1 Myr

10000 CygOB2 would be required for CRs Galactic population

Nat Astr, HAWC 2021Hadronic Model

Constant Injection

Recent burst



HAWC Observations of LS5039 
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LS5039

Multi-wavelength view: TeV

Orbital Phase
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(Aharonian et al. ����)

Vı́ctor Zabalza (MPIK) The GeV and TeV components of LS ���� � / ��

H.E.S.S. observations of LS 5039 C. Mariaud
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 = 0.058φ
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 = 0.5φ

conjunction
   Inferior

 = 0.716φ

Figure 1: Geometry of the orbit (in the orbital plane) of the compact object around the O6.5V star (Casares
et al. [1]). The star size is to scale. The arrow at the bottom indicates the direction to the observer. Sev-
eral notable positions of the compact object are indicated: periastron (f = 0), apastron (f = 0.5), superior
conjunction (f = 0.058) and inferior conjunction (f = 0.716).

the source at a statistical significance of more than 56s and 2800 detected gamma-rays. To perform
this analysis, we used a ring background subtraction [16] in stereo mode.

2.1 H.E.S.S. I: phase-folded light curve

The integral flux above 1 TeV, folded with the orbital period of the system, is computed as-
suming a spectral index G = 2.20 ± 0.03, where G is derived from a fit with a simple power law,
dN/dEg µ E�G

g , to the whole data-set. In Fig. 2 the known modulation of the source at VHE is
recovered, which keeps essentially unchanged from one year to the next, for the whole data set,
averaging over short, e.g., daily time-scales.

To better characterise this modulation, Fig. 3 displays the phase-folded averaged flux for phase
intervals of width 0.1 each. In this case, however, the large data set obtained in the last ⇠ 10 yr
of observations enables us to fit separately each phase interval to compute the bin-averaged flux.
We assume here again a simple power law model fitted to the data in each phase interval. The
corresponding photon index G plotted against the differential gamma-ray flux at 1 TeV in the same
bin is displayed in Fig. 4. We notice a relationship between both variables, the correlation coef-
ficient is �0.93. When the system is brighter the spectrum is harder. In the same way, when the
differential flux decreases, the spectral index increases. We note that noticeable departures from a

3

5

Binary LS 5039

• Consist of a 23  type O star and a 
compact object, which could be a black 
hole or pulsar  

• Star and compact object are orbit with 
each other in 3.9 days period  

• Located ~ 1.5° from galactic plane 

• In the complex J1825 region 

• Previously seen by H.E.S.S., VERITAS, and 
Fermi-LAT in gamma rays

M⊙

Credits: Mon. Not. R. Astron. Soc. 383, 467–478 (2008)

Sketch of the LS 5039
Fermi-LAT 2018; 100 MeV - 300 GeV; 

 A. A. Abdo et al 2009 ApJ 706 L56

VERITAS 2020 Astroparticle PhysicsVolume 117, January 2020, 102403
H.E.S.S. 2007 Astrophys Space Sci (2007) 309: 
277–284

• Either microquasar with relativistiv jet formation through matter 
accretion onto the compact object or acceleration resulting from 
the interaction between pulsar and star winds 

• Distance = 3.5 kpc , O6.5V star and compact object with a mildly 
eccentric 3.9 day orbit. Mass companion star 23 Mo, mass compact 
object = 3.7 Mo 

• From radio to TeV energies. Flux and spectral modulation as a 
function of its orbital period. 



LS5039 region with Pass 5 
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Improved Pass5 Reconstruction

Credits:The Astrophysical Journal Letters 907 (2), L30

1343 days Pass4 1910 days Pass5

Improved HAWC Reconstruction  
Algorithm (GA17-01)

• Two extended source associated with 
PWNe  

• One ultra-high energy point source 
extended beyond 200 TeV  (young PWN, 
Star forming region)

• More structures are emerging in this 
complex region 

• One bright hotspot located on top of the 
gamma-ray binary LS 5039 (GA18-08)
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Improved Pass5 Reconstruction

Credits:The Astrophysical Journal Letters 907 (2), L30

1343 days Pass4 1910 days Pass5

Improved HAWC Reconstruction  
Algorithm (GA17-01)

• Two extended source associated with 
PWNe  

• One ultra-high energy point source 
extended beyond 200 TeV  (young PWN, 
Star forming region)

• More structures are emerging in this 
complex region 

• One bright hotspot located on top of the 
gamma-ray binary LS 5039 (GA18-08)

Dezhi Huang, ICRC 2023
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2

• 1910 days of data

• Simultaneously likelihood fit performed inside the region of interest 

• Model includes diffuse background emission and all background 
sources

• About 8 s

• Pure powerlaw  preferred

• HAWC spectrum is located in between of H.E.S.S. Inferior 
conjunction (INFC) and Superior conjunction (SUPC) 

 

LS5039 with HAWC • HAWC see flux modulation at LS5039 

• Inferior conjunction (INFC)  0.45< 0.9 

• Superior conjunction (SUPC) 0.45or 
>0.9 

• INFC flux have a factor of two compare to 
SUPC flux, similar power law indices 

• No cutoff found in both low state and High 
state maps yet

ϕ≤

ϕ ≤ ϕ

7

Spectrum Analysis of LS 5039

Credits:H.E.S.S. data points A&A, 460 3 (2006) 743-749

LS 5039 Spectrum

H.E.S.S.: Astronomy and Astrophysics 460:743-749

6

LS 5039 in HAWC Data

GP-Pass5

• 1910 days of data 

• LS 5039 can be disentangled from J1825 region 

• About 8  detection 

• Use multi-source fitting procedure to get best-fit 
model for the whole J1825 region 

• More details on modeling methods see Sam 
Groetsch’s poster PGA0-03 

• More details on the morphology study in the 
J1825 region see “Revealing Ultra-High-Energy 
Gamma-Ray Emission from the eHWC J1825-134 
Region with HAWC” GA20-04 by Dezhi Huang

σ

Dezhi Huang, ICRC 2023



TeV-PeV pulsar Wind Nebulae and halos 



Geminga - PWN

Geminga is one of the brightest GeV sources in the northern sky

It’s a middle-aged 340kyr, pulsar T=0.237s

It’s close to earth - 250"'#(#)* pc

X-Ray PWN seen to be very small

First seen in TeV by Milagro at 40 TeV in 2009

HAWC also sees energies above 25TeV

Very extended in the TeV - ~5 degrees across

Geminga and Monogem, similar in age and distance, 

were suggested as contributors of the positron fraction 

(Aharonian+1995).

54

0.2°



Extended TeV emission around  the 
pulsars Geminga and Monogem

Geminga and Monogem : about 5 deg ext

• Assuming emission from electrons diffusing in the ISM, then extension is a direct 
measurement of particle diffusion θ(20TeV) α √ [D(100TeV)]

• D(100 TeV) = (4.5 ± 1.2) 1027 cm2/s, roughly 100 times smaller than diffusion 
from B/C ratio

55

HAWC, Science 2017 



HAWC Spring 2022

Geminga and Monogem in Pass 5
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Erice Summer School 2022 - J Goodman

PWN Halos - PSR J0359+5414

2321 day map

PSR J0359+5414 - Newly discovered TeV Halo

Outer galaxy, isolated, radio quiet

Age = 75kyr

High Spin-down power: 1036 ergs/s

57

ApJ 2023

TeV Halo Candidate Surrounding Radio-quiet pulsar 3

Figure 1. HAWC significance map in Galactic coordinates
using 2321 days of live data. The significance is computed
with a point-like spatial template and a power-law spectrum
with spectral index ↵ = 2.7. For comparison, the positions
of PSR J0359+5414 and PSR B0355+54 are marked.

The HAWC Gamma-Ray Observatory consists of 300
water Cherenkov detectors located at 19�N in Puebla,
Mexico at an altitude of 4100 m. Each detector is in-
strumented with 4 photo-multiplier tubes (PMTs) that
are capable of detecting the Cherenkov radiation pro-
duced in the detector water when an electromagnetic or
hadronic shower hits the ground, which is initiated by
a �-ray or a cosmic ray, respectively, when it enters the
Earth’s atmosphere. HAWC is sensitive to sources with
declinations between �41� and +79� and to energies in
the 300 GeV to > 100 TeV range. The data set used
in this analysis comprises 2321 days of live data taken
from November 2014 to October 2021. The data set is
divided into 11 analysis bins (fHit) based on the fraction
of PMTs that are triggered in each event, on and o↵ the
main detector array. A full description of HAWC’s de-
sign and performance can be found in Smith & HAWC
Collaboration (2015) and Abeysekara et al. (2017b).
A maximum likelihood analysis was performed using

the Multi-Mission Maximum Likelihood (3ML) frame-
work (Vianello et al. 2015) with the HAWC Accelerated
Likelihood (HAL) plug-in (Abeysekara et al. 2021). For
model selection, we use the likelihood ratio test statistic
(TS) which is defined by

TS = 2 ln
LS+B

LB

, (1)

where LS+B is the maximum likelihood of a signal plus
background model, which depends on the spectral and
spatial parameters, and LB is the maximum likelihood of
the background-only hypothesis. Three spectral models
are tested, including single power-law (PL, Equation 2),
log-parabola (LOGP, Equation 3), and power-law with
an exponential energy cuto↵ (PL+CO, Equation 4):

dN

dE
= N0

✓
E

E0

◆�↵

, (2)

dN

dE
= N0

✓
E

E0

◆�↵�� ln(E/E0)

, (3)

dN

dE
= N0

✓
E

E0

◆�↵

⇥ exp

✓
�E

Ec

◆
. (4)

In the above equations, N0 is the flux normalization in
units of [TeV�1cm�2s�1], E0 is the pivot energy fixed at
30 TeV to minimize correlations with the other parame-
ters, ↵ is the spectral index, Ec is the cut-o↵ energy and
� is the curvature of the log-parabola spectrum. Two
spatial models are tested: a point-like template and an
extended template. The extended template is described
by a symmetric Gaussian with width as a free parame-
ter.
The energy range in which a source is detected is com-

puted by multiplying a step function with the best fit
model (nominal case). The lower and upper values of
the step function at which the likelihood decreases by
1�, 2� or 3� from that of the nominal case are regarded
as the upper limit to the minimum energy and lower
limit to the maximum energy, respectively.

3. RESULTS

3.1. Association with J0359

We first free the position of the emission and fit the
PL point source model to data. The best-fit R.A. and
decl. are 59.83 ± 0.07stat and 54.22 ± 0.05stat degrees
(the systematic uncertainty at this location is 0�.02),
which are consistent with the position of J0359 (59.86
and 54.25 degrees for R.A and decl. respectively). The
TS of the model is TS = 38.18, which corresponds to a
significance of 6.18� for four degrees of freedom based
on the Wilks theorem (Wilks 1938). As the position is
consistent with the pulsar position, we fixed the TeV
emission to the pulsar position to perform the spectral
analysis.
Table 1 summarizes the best-fit parameters of di↵er-

ent spectral and spatial models. The simplest model
assuming a point-like morphology and non-broken PL
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Observations of SNRs
and PeVatron candidates



HESS J1809 -1917

13

H.E.S.S. J1809-1917

• Not detected by LHAASO’s 12 UHE sources, at the edge of their FOV 

• PSR J1809-1917 is a young (age = 51 kyr) pulsar, E = 1.8 x  

• Several SNRs are in the region, G11.0-0.0 is spatially coincident with the peak of the H.E.S.S. emission 

• Possibly Hadronic PeVatron 

• Preliminary analysis shows good agreement with H.E.S.S., SED extended to 100 TeV without cutoff

1036 erg s−1

A&A 472, 489–495 (2007) A&A 612, A1 (2018)

H.E.S.S.
HAWC > 1 TeV
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HAWC
J1908 +063 
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Candidate PeVatron MGRO J1908+06 3

Figure 2. The 12CO (top) and 13CO (bottom) summed spectra in the region
of MGRO J1908+06. The velocity interval between the two dashed lines (58–
78 km s�1) represents the bulk of the emission, while the red zone marks the
velocity range between 58 and 62 km s�1 (shown in Fig. 3) that is the velocity
range considered for the molecular cloud analysis (section 3.1).

the FOREST Unbiased Galactic Plane Imaging (FUGIN) survey1.
This project aims at investigating the distribution, kinematics, and
physical properties of both di�use gas and dense molecular clouds
in the Galaxy by observing simultaneously the 12CO, 13CO, and
18CO J=1-0 lines. This survey achieves the highest angular resolu-
tion to date (⇠2000) for the Galactic plane, making it possible to find
dense clumps located at farther distances than those seen in previous
surveys.

We recovered the spectra in brightness temperature )⌫ as a func-
tion of the local standard of rest velocity (+!(') for the whole region
corresponding to the 3f contours of the TeV emission, both in 12CO
and 13CO. As shown in Fig. 2, the bulk of the emission is concen-
trated between 50 and 80 km s�1.

We plot in Fig. 3 the 12CO and 13CO molecular line emission
integrated from 58 to 62 km s�1. The contours presented in the
figure are those of the VERITAS TeV emission (Aliu et al. 2014) and
of the SNR G40.5-0.5 at 1.4 GHz from the VGPS. We denote the
three maxima of W-ray emission as lobes A, B, and C (see Fig. 1).
The maps of Fig. 3 show that lobe A overlaps with CO emission, lobe
B partially overlaps with CO emissions, while no obvious molecular
clouds association is seen for lobe C.

We concentrate on the molecular cloud in the 58–62 km s�1 ve-

1 Available at http://jvo.nao.ac.jp/portal/

locity interval, as it overlaps both the A-B lobes and the southern
border of the SNR. We obtain the distance of the cloud using the
Galaxy rotation curve from Clemens (1985), with '�= 8.5 kpc and
E� = 220 km s�1. The first Galactic quadrant presents distance
ambiguity for positive radial velocities, so adopting 60 km s�1, we
obtain near and far distances of 3.0 and 9.4 kpc, respectively.

To study the properties of the molecular gas, and in particular to
estimate their density, we use the dendrogram technique (Rosolowsky
et al. 2008). A dendrogram is a topological representation of the sig-
nificant local maxima in N-dimensional intensity data and the way
these local maxima are connected along contours (or isosurfaces)
of constant intensity. A local maximum, by definition, has a small
region around it containing no data greater than its value and, hence,
a distinct isosurface containing only that local maximum can be
drawn. The local maxima determines the top level of the dendrogram,
which we refer to as the “leaves” , defined as the set of isosurfaces
that contain a single local maximum. We identify and characterize
molecular clouds in the CO data cube between 58–62 km s�1 us-
ing �����������2. This python algorithm e�ciently constructs a
dendrogram representation of all the emission in the selected region.
The minimum value to consider (any value lower than this will not be
considered in the dendrogram) is set as the “detection level”, namely
5 f) , where f) is the median RMS noise level in the dataset, so that
only significant values are included in the dendrogram (Tmin = 3 K).
Another consideration is about how significant a leaf has to be in
order to be considered an independent entity. The significance of a
leaf is measured from the di�erence between its peak flux and the
value at which it is being merged into the tree. This parameter is set
to 1 f) , which means that any leaf that is locally less than 1 f) high
is combined with its neighboring leaf (or branch) and is no longer
considered as a separate entity.

Once an index of structures in the data has been produced by the
algorithm, it can be used to catalog the properties of each structure,
such as integrated intensity, centroid position, spatial position angle,
spatial extent, and spectral line-width.

We estimate the luminosity based on the zeroth moment, i.e., the
sum of the intensity, and then translate the moments into estimates
of physical quantities. For these calculations, we consider the pixels
in a cloud mask M, i.e. only the pixels belonging to a single cloud
identified by the segmentation algorithm. We measure the luminosity
of each cloud as:

!CO = �pix�E
’
8

)8 (1)

where �pix is the projected physical area of a cube pixel in pc2, �E
= 4 km s�1 is the channel width, and )8 is the brightness of the
cube pixels measured in K in the cloud mask M. We convert from
luminosity to mass, scaling the extrapolated luminosity through the
CO-to-H2 conversion factor, UCO.

"CO = !COUCO (2)

where we take UCO= 4.35 "� pc�2 (km s�1 K)�1 at solar metallicity
(Bolatto et al. 2013). To measure cloud radii we convert from the
deconvolved major and minor sizes, fmaj and fmin, to a cloud radius
measurement using:

' = [
p
fmajfmin (3)

The factor [ depends on the light or mass distribution within the
cloud. We adopt [=1.91 following Rosolowsky & Leroy (2006). Our

2 Available at http://www.dendrograms.org/

MNRAS 000, 1–7 (2020)

4 S. Crestan et al.

Figure 3. Maps of 12CO (left) and 13CO (right) emission in the MGRO J1908+06 region integrated between 58–62 km s�1. The white solid lines are the same
as in Fig. 1, while the green contours are the continuum emission from SNR G40.5-0.5 at 1.4 GHz.

model approximates the cloud as a spherically symmetric object so
that R also characterizes the object in three dimensions. Therefore,
we do not apply any inclination corrections to R. The resulting mean
cloud density is ⇠ 180 particles cm�3 assuming a distance of 3 kpc,
while it is ⇠ 60 particles cm�3 assuming 9 kpc.

3.2 Fermi-LAT data analysis

We analyzed 12 years of Fermi-LAT data, obtained from 2008-09-01
to 2020-12-16, exploiting the Pass 8 data processing (P8R3) with
the public ���������� (v2.0.0) and ������� packages (v1.0.0). We
selected the Pass 8 ‘source’ class and ‘front+back’ type events coming
from zenith angles smaller than 90° and from a circular region of
interest (ROI) with radius of 10° centered at R.A. = 286.97° and Dec.
= 6.03° (J2000). The instrument response function version P8R3-
SOURCE-V3 was used. We selected only the events in the 10 GeV–
1 TeV energy range, to avoid the contribution from PSR J1907+0602
(see fig. 4 of Abdo et al. 2010). We included in the background model
all the sources from the 4FGL catalog within the ROI, as well as the
Galactic (gll-iem-v07.fits) and the isotropic (P8R3-SOURCE-V3-v1)
di�use components.

We performed a binned analysis with five bins per energy decade
and spatial pixel size of 0.05° . In the maximum likelihood fitting,
the normalization parameter of all the sources within 3° of the ROI
centre, as well as the di�use emission components, were left free to
vary. Instead the parameters of all the other sources at more than 3°
were fixed to the values given in the 4FGL catalog (Abdollahi et al.
2020). To describe the spatial morphology of MGRO J1908+06, we
used the VERITAS emission region at 3f level (i.e. the outermost
contour in Fig. 1 ), while for the spectral model we assumed a power
law with photon index � = 1.6. This leads to a detection significancep
)( ⇠ 6 in the energy band considered. The W-ray flux was obtained

by binning the W-ray data in the range from 10 to 1000 GeV into four
energy intervals, and performing a binned likelihood analysis in each
energy bin. The resulting Fermi-LAT spectral energy distribution is
plotted in Fig. 4.

3.3 X-ray Analysis

To study the X-ray emission in the vicinity of PSR J1907+0602 we
used a 52 ks long observation carried out on 2010 April 26 with
the XMM-Newton satellite. We analyzed the data of the EPIC-MOS
instrument that was operated in full frame imaging mode and with
the medium thickness optical filter. We excluded time intervals with
high background, resulting in net exposure times of 36 and 38 ks for
the two MOS cameras.

Using the Extended Source Analysis Software (ESAS3), we ex-
tracted the spectra from a circular region of 5 arcmin radius centered
at the position of PSR J1907+0602 (excluding a circle of 3000radius
around the source) and from a concentric annular region with radii
5 and 12.5 arcmin. The latter was used to estimate the X-ray back-
ground (which in this sky region is dominated by the Galactic Ridge
di�use emission). Comparison of the two spectra showed no evi-
dence for di�use emission associated with PSR J1907+0602, with
an upper limit (at 95% c.l.) of 1.2⇥10�15 erg cm�2 s�1 arcmin�2 on
the surface brightness in the 1–10 keV energy range.

4 ORIGIN OF THE W-RAY EMISSION

Emission at TeV energies indicates the presence of ultra-relativistic
particles which, in principle, can produce it through Inverse Compton
(IC) scattering of the CMB, IR and/or star-light seed photons by
electrons, or through the decay of neutral pions resulting from proton-
proton (and/or other nuclei) interactions. In this Section, we first
explore the possibility that a single mechanism is responsible for
the emission from the whole trilobed region in either the leptonic or
hadronic scenario.

We then consider the possibility of a two-zone model, in which
both components (hadronic and leptonic) are present. This scenario

3 https://heasarc.gsfc.nasa.gov/docs/xmm/esas/cookbook/xmm-esas.html
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8.5 kpc away, as some distance estimates suggest, it is much
further away than PSR J1907+0602 and the source we see may
actually consist of two superimposed sources. Crestan et al.
(2021) also suggest that the emission is comprised of two
populations.

Recent observations using Fermi-LAT (Li et al. 2021) have
resulted in the detection of extended GeV gamma-ray emission
in this area, said to be the GeV counterpart of the TeV emission.
This emission contains two components: a soft, low-energy
(<10 GeV) component and a harder (>10 GeV) component.
The first component is attributed to molecular clouds surround-
ing the supernova remnant, while the second is likely leptonic in
origin and originates from the PWN of PSR J1908+0602.

1.3. Description of HAWC and HAWC Data

In this work, we use data from the HAWC Observatory to
study 3HWC J1908+063. The HAWC detector consists of 300
water Cherenkov detectors, each instrumented with four
photomultiplier tubes. It is designed to detect the byproducts
of the extensive air showers that are induced when a gamma
ray or a cosmic ray enters the Earth’s atmopshere and interacts
with particles there.

Located in the state of Puebla, Mexico, HAWC is sensitive
to sources with declinations between −26° and +64°. It is
capable of continuously monitoring the sky and has achieved a
sensitivity of a few percent of the Crab flux over the last five
years (Albert et al. 2020). More information on the design of
HAWC can be found in Smith (2015) and Abeysekara et al.
(2017a).

This paper uses a data set consisting of 1343 days of data
collected between 2015 June and 2019 June. The data is binned

using a 2D scheme of the estimated energy (Ê) and the fraction
of the HAWC array hit during an air-shower event, as
described in Abeysekara et al. (2019). The estimated energy
bins are each a quarter decade in width in log10 space; the first
bin starts at Ê = 1 TeV and the last bin ends at Ê = 316 TeV.
The “ground parameter” energy estimator is used. This
algorithm uses the fit to the lateral distribution function to
measure the charge density 40 m from the shower core, along
with the zenith angle of the air shower, to estimate the energy
of the primary gamma ray. The standard quality cuts described
in Abeysekara et al. (2019) are used.
The paper is organized as follows. In Section 2, we describe

the diffusion model we use to fit data in the 3HWC J1908+063
region. Section 3 gives the best-fit results using this diffusion
model. We also compare the results presented here to those
obtained by other observatories. A potential spectral hardening
feature at the highest energies is also discussed. In Section 4,
we discuss possible models to describe the TeV emission from
HAWC. In Section 5, we discuss implications of this model for
detection by observatories operating at different wavelengths
and with different messengers. In Section 6, we present the
conclusions.

2. Description of the Diffusion Model

The model we fit to the region contains three sources: 3HWC
J1908+063 as well as the east and west lobes of SS433. The
lobes of SS433 overlap the edge of the significant 3HWC
J1908+063 emission.
Both lobes of SS433 are modeled as point sources with their

locations fixed to the reported location in Abeysekara et al.
(2018). As in that paper, they are assumed to emit according to
power-law spectra with spectral indices fixed at 2.0:

( )f=
-dN

dE
E

20TeV
. 10

2.0⎛⎝ ⎞⎠
The spectral indicies are fixed as it is not possible to fit them
due to the low number of counts for these sources. This
statistical limitation does not have an effect on the fit
parameters of 3HWC J1908+063, which is brighter by orders
of magnitude. The normalization of each lobe, f0, is allowed to
float separately in the fit.
The source 3HWC J1908+063 is modeled as an extended

source with the centroid fixed at the location from the 3HWC
catalog (R.A.= 287°.05, decl.= 6°.39) (Albert et al. 2020).
Three spectral shapes are considered: a power-law, a power-
law with an exponential cutoff, and a log-parabolic function. The
log-parabolic function is found to be significantly preferred,
using the Bayesian information criterion (Schwarz 1978; Kass &
Raftery 1995) (BIC), over other spectral shapes:

( )
( )

f=
a b- -dN

dE
E

10TeV
. 2

E

0

ln 10TeV⎛⎝ ⎞⎠
The flux normalization f0, the spectral index α, and the

curvature parameter β are all free parameters in the fit. The BIC
for this fit is 139,459, while the BIC for a power-law fit is
139,523 and the BIC for a power-law with an exponential
cutoff is 139,491. The ΔBIC between this model and the
power-law (power-law with an exponential cutoff) is 64 (32). A
ΔBIC value of >10 implies very strong evidence against the
higher BIC (Kass & Raftery 1995).

Figure 1. HAWC significance map of the region, in Galactic coordinates, with
the two pulsars and the SNR labeled. PSR J1907+0631 and SNR G40.5-
0.5 are only 0°. 03 away from each other so their markers on this plot overlap.
The maximum significance is 38.82σ. The contours are the 5, 10, 15, 20, 25,
30, and 35σ significance contour levels.
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The Astrophysical Journal 928.2 (2022): 116.

eHWC J1907+63

HAWC LHAASO

Location R.A. 287.05°  Dec. 6.39° R.A. 287.05°  Dec. 6.35°

Maximum measured energy >200 TeV 440 TeV

Origin of TeV emission

Suggest leptonic in nature. Powered by 
PSR J1907+0602  

one-population leptonic, two-population 
leptonic, and lepton-hadronic allowed 

Both hadronic and leptonic origin are 
tested in LHAASO data 

No preference in current data

Nature 594.7861 (2021): 33-36

HAWC LHAASO

HAWC & LHAASO  
flux points 

 from 1 TeV to 440 TeV 

The Astrophysical Journal 928.2 (2022): 116.



HAWC J1908+06 as neutrino 
source?
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Some HAWC PeV candidates are 
promising neutrino sources

Neutrinos seen in coincidence with a 
PeVatron candidate would 
unambiguously indicate hadronic origin

J1908+06 one of best p-values in 
IceCube point source searches, although 
still consistent with background-only 
hypothesiss
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eHWC J1842-035

Nature 594.7861 (2021): 33-36

HAWC > 100 TeV

eHWC J1842-035

LHAASO > 100 TeV

HAWC LHAASO

Location R.A. 280.72°  Dec. -3.51° R.A. 280.75°  Dec. -3.65°

Maximum measured 
energy >56 TeV  260 TeV

Morphology 0.39° extension 0.3° extension template 

• Multi-source analysis reveal 3 
components in Pass5 data 

• The extended component 
spectrum shows great agreement 
with LHAASO flux point at 100 
TeV 

HAWC result
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eHWC J1842-035

Nature 594.7861 (2021): 33-36

HAWC > 100 TeV

eHWC J1842-035

LHAASO > 100 TeV

HAWC LHAASO

Location R.A. 280.72°  Dec. -3.51° R.A. 280.75°  Dec. -3.65°

Maximum measured 
energy >56 TeV  260 TeV

Morphology 0.39° extension 0.3° extension template 

• Multi-source analysis reveal 3 
components in Pass5 data 

• The extended component 
spectrum shows great agreement 
with LHAASO flux point at 100 
TeV 

HAWC result

Complex morphology , 0.3-0.4 deg

Maximum energy in HAWC > 100 TeV

Study ongoing 

eHWC J1842-035
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eHWC J1825-134

The Astrophysical Journal Letters 907.2 

Point source spectrum

HAWC (point source) LHAASO

Location R.A. 276.44°  Dec. -13.42° R.A. 275.45°  Dec. -13.45°

Morphology 2 extended sources + 1point 
source 0.3 ° extension template 

Maximum measured energy >200 TeV 420 TeV

Origin of TeV emission Proton accelerated by SFR  
Electron accelerated by PSR J1826-1334

HAWC > 177 TeV LHAASO > 25 TeV

LHAASO location

• Two extended HAWC sources are 
cutoff around 25 TeV 

• Assume LHAASO > 200 TeV flux 
associate with HAWC point source 

• LHAASO spectrum shows good 
continuity with HAWC

Nature 594.7861 (2021): 33-36
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eHWC J1825-134

The Astrophysical Journal Letters 907.2 

Point source spectrum

HAWC (point source) LHAASO

Location R.A. 276.44°  Dec. -13.42° R.A. 275.45°  Dec. -13.45°

Morphology 2 extended sources + 1point 
source 0.3 ° extension template 

Maximum measured energy >200 TeV 420 TeV

Origin of TeV emission Proton accelerated by SFR  
Electron accelerated by PSR J1826-1334

HAWC > 177 TeV LHAASO > 25 TeV

LHAASO location

• Two extended HAWC sources are 
cutoff around 25 TeV 

• Assume LHAASO > 200 TeV flux 
associate with HAWC point source 

• LHAASO spectrum shows good 
continuity with HAWC

Nature 594.7861 (2021): 33-36

         HAWC                        LHAASO
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Previously of J1825 Region

3

>200 TeV

• Spectral analysis from HAWC data 

1.Extended source HAWC J1826-128 and 
extended source HAWC J1825-138 both 
started cutoff around 30 TeV 

2.New Point like source HAWC J1825-134 
extend beyond 200 TeV and don’t showing 
any cut off in HAWC data

https://iopscience.iop.org/article/10.3847/2041-8213/abd77b/pdf

Previously of J1825 Region

4

• Proton can be accelerated at Young Star 
Cluster [BDS2003]8  

• High energy protons can travel to giant 
molecular cloud [MML2017]99 and collide 
with ambient gas to produce  

•  can decay to photons, then contribute the 
emission seen by HAWC

π0

π0

https://iopscience.iop.org/article/10.3847/2041-8213/abd77b/pdf

Above 177 TeV 



HAWC J1825-134 and LHAASO 
J1825-136 above 200 TeV 
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10

• Assume the LHAASO flux points > 200 TeV are 
coming from the same origin of HAWC 
J1825-134 

• Flux point at 200 TeV agrees HAWC J1825-134 
point source spectrum 

• The spectrum become softer beyond 300 TeV 

• HAWC Outriggers!

How About New Point Source Energy

HAWC Coll 2021
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LHAASO J1826-1256 & 
J1825-1345(>25 TeV)
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TS=214.08 TS=393.73

LHAASO J1825-1345 LHAASO J1826-1256 
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TS=100.95   

LHAASO J1825-
1326

LHAASO J1826-
1256

LHAASO J1825-
1345

TS=164.88

LHAASO J1826-1256 & J1825-1345
(>100 TeV)



New Source Discovery

WCDA has 
accumulated data 
for 16 months

KM2A for 12 
months

LHAASO catalog Ver-
1 will be published
soon with many
new VHE/UHE
sources discovered
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HAWC - LHAASO Comparison
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