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• Sensitive from 100 GeV to 100 TeV.
• Angular resolution (68% containment) 

0.2-1.0 degrees.
• 2 sr instantaneous field of view, 2/3 of 

sky each day.
• >90% duty cycle.
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HAWC Sensitivity arXiv:1701.01778Observation of the Crab Nebula with HAWC 23

Figure 15: The effective area for HAWC for events within 13◦ from overhead. To show the progression of analysis
cuts, we show curves without any photon/hadron discrimination, insisting that events only reconstruct within 4◦ of
their true direction. Requiring events to be reconstructed within their 68% containment radius lowers the effective
area and photon/hadron discrimination cuts lowers it further. With a requirement that events be reconstructed on
the detector, the effective area flattens at roughly half the physical area of the instrument.

Additionally, the principal systematic error (the modeling of late light) is conservatively estimated here and is being
studied using the calibration system. It is likely that the effects of late light will be better modeled in the future.

Finally, the threshold for this analysis is established by including only events where more than 6.7% of the PMTs
detect light. The typical number of live, calibrated PMTs is ∼1000, corresponding to a threshold of ∼70 PMTs.
Events with 20–30 PMTs could be reconstructed if the noise could be confidently identified. A relatively high event
size threshold is used in this analysis to reduce its dependence on the modeling of noise hits. Planned improvements
in the modeling should lower the energy threshold of the spectrum analysis in future studies.

The HAWC instrument is performing well with survey sensitivity exceeding current-generation instruments above
10 TeV, sensitivity which HAWC maintains across much of its field-of-view. The all-sky survey conducted by HAWC
probes unique flux space and reveals the highest-energy photon sources in the northern sky. Understanding the Crab
gives confidence in the survey results.

We acknowledge the support from: the US National Science Foundation (NSF); the US Department of Energy
Office of High-Energy Physics; the Laboratory Directed Research and Development (LDRD) program of Los Alamos
National Laboratory; Consejo Nacional de Ciencia y Tecnoloǵıa (CONACyT), México (grants 271051, 232656, 260378,
179588, 239762, 254964, 271737, 258865, 243290, 132197), Laboratorio Nacional HAWC de rayos gamma; L’OREAL
Fellowship for Women in Science 2014; Red HAWC, México; DGAPA-UNAM (grants IG100317, IN111315, IN111716-
3, IA102715, 109916, IA102917); VIEP-BUAP; PIFI 2012, 2013, PROFOCIE 2014, 2015; the University of Wisconsin
Alumni Research Foundation; the Institute of Geophysics, Planetary Physics, and Signatures at Los Alamos National
Laboratory; Polish Science Centre grant DEC-2014/13/B/ST9/945; Coordinación de la Investigación Cient́ıfica de la
Universidad Michoacana. Thanks to Luciano Dı́az and Eduardo Murrieta for technical support.
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verification step. The angular resolution is weakly dependent on the assumed spectral index and the impact on the
analysis is desribed later in Section .

Figure 10: The figure shows the measured angular resolution, the angular bin required to contain 68% of the photons
from the Crab, as a function of the event size, B. The measurements are compared to simulation. The measured and
predicted angular resolutions are close enough that that using the simulated angular resolution for measuring spectra
is a sub-dominant systematic error.

3.4. Cut Selection and Gamma-Ray Efficiency

The two parameters described in Section 2.6, the compactness, C, and PINCness, P, are used to remove hadrons
and keep gamma rays. Events are removed using simple cuts on these variables and the cuts depend on the size bin,
B, of the event. The cuts are chosen to maximize the statistical significance with which the Crab is detected in the
first 337 days of the 507-day dataset. Concerns of using the data itself for optimizing the cuts are minimal with a
source as significant as the Crab.

Table 2 shows the cuts chosen for each B bin. The rates of events across the entire sky going into the 9 bins, after
hadron rejection cuts, vary dramatically, from ∼500 Hz for B=1 to ∼0.05 Hz for B=9. Figure 11 shows the predicted
efficiency for gamma rays (from simulation) along with the measured efficiency for hadronic background under these
cuts. The efficiency of photons is universally greater than 30% while keeping, at best, only 2 in 103 hadrons. The
efficacy of the cuts is a strong function of the event size, primarily because larger cosmic-ray events produce many
more muons than gamma-ray events of a similar size.

The limiting rejection at high energies is better than predicted in the sensitivity design study (Abeysekara et al.
2013). The original study was conservative in estimating the rejection power that HAWC would ultimately achieve.
With more than a year of data, we now know the hadron rejection of the cuts and can accurately compute the
background efficiency.

4. SPECTRAL FIT

Knowing the angular resolution and the background in each B, the energy spectrum of the Crab Nebula may be
inferred from the measured data. Section 4.1 describes the likelihood fit to the data. Section 4.2 describes the resulting
measurement, and Section 4.3 describes the systematic errors to which this measurement is subject.

https://arxiv.org/abs/1701.01778
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HAWC TeV Sky Survey

Galactic Plane

Crab Nebula >100σ

• Most sensitive wide-field survey in TeV.
• Skymap from 507 days of data taken between Nov 2014 to Jun 2016.
• Point source analysis assuming power-law index of 2.7.
• 39 2HWC sources: 2 blazars, 5 UID off the Galactic plane.

arXiv:1702.02992

https://arxiv.org/abs/1702.02992
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Credits: NASA/DOE/Fermi LAT Collaboration
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Fermi LAT 0.05 — 2 TeV, >6 years 

HESS >1TeV, 10 years

HAWC 0.1—100 TeV, 1.5 year

Gamma-ray view of our Galaxy
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Galactic Plane

within this area (known 
extragalactic excluded):
• 150 3FGL sources 
• 56 3FHL sources

• 30 sources in the Galactic Plane (excluding Crab, Geminga, PSR B0656+14)
• 19 likely associated with known TeV sources
• 11 unassociated

arXiv:1702.02992

https://arxiv.org/abs/1702.02992
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Galactic Plane Source Distribution
arXiv:1702.02992

https://arxiv.org/abs/1702.02992
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Galactic Plane Source Distribution

Good candidates for follow-up by pointing instruments.

arXiv:1702.02992

https://arxiv.org/abs/1702.02992
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2HWC J1953+294

• No previously known TeV source. 

• New analysis by VERITAS, archival plus new data, source confirmed. 

• Tentative association 3FGL J1951.6+2926 / PWN DA 495? 

• See Jamie Holder’s presentation Tuesday, plenary session, 9:00.

Preliminary  
Reported errors  

are stat. only 

Plenary 
Tuesday:  
J. Holder
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New TeV Sources!

New TeV source 
2HWC J1953+294
• confirmed by VERITAS, announced in Gamma16
• potential association: 

• PWN DA 495 seen in X-rays
• 3FGL J1951.6+2926

• Joint paper in prep

C. Rivière 18
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• Chandra has observation in all 3
• XMM also looked at the SNR

• G65.7+1.2, filled center, contains PWN
• 1-5kpc, 7k -155k yr
• X-ray size 36”
• seen by:

• Chandra
• XMM
• ROSAT
• ASCA
• Fermi — 3FGL J1951.6+2926

5

2HWC J1953+294
2242 A. Karpova et al.

Figure 1. 2.5 arcmin×2.5 arcmin X-ray Chandra (top), XMM–Newton
(middle) and 30 arcmin × 27 arcmin radio Very Large Array (bottom) images
of DA 495 in 0.3–8 keV range and at 1.42 GHz, respectively. The Chandra
image was smoothed with a 3 pixel Gaussian kernel (logarithmic brightness
scale is used). J1952 is clearly seen in the centre of the PWN in X-rays. The
XMM–Newton image was binned to a pixel size of 1.6 arcsec and smoothed
with a 3 pixel Gaussian kernel (square root brightness scale is used). Filled
and dashed circles depict the extraction region for the PWN+J1952 and
background, respectively. The white circle in the radio image shows the
position and extent of DA 495 in X-rays.

about 20 kyr old. No detection of an associated pulsar in the radio
and γ -rays was reported.

In X-rays, ROSAT and ASCA observations of DA 495 revealed
a faint compact source, 1WGA J1952.2+2925 (hereafter J1952),
which is apparently surrounded by a diffuse non-thermal emission
and is projected on the edge of the radio hole (Arzoumanian et al.
2004, see Fig. 1). It was proposed to be a magnetospherically active
neutron star (NS) powering the PWN, although only an upper limit
on the pulsed emission fraction of 50 per cent for periods !30 ms
was derived from the analysis of the ASCA data. The compact source
J1952 and its diffuse emission were later firmly confirmed by Chan-
dra high spatial resolution observations (Arzoumanian et al. 2008).
It was established that J1952 is the point source located in the
centre of the X-ray nebula with an extent of ∼40 arcsec. The neb-
ula does not show any Crab-like torus+jet structure; however, its
spectrum is described by a power law (PL) with a photon index
" = 1.6 ± 0.3 typical for PWNe. The latter allowed us to state that
it is the X-ray counterpart of the DA 495 PWN. J1952, presumably
the pulsar, has a pure thermal spectrum. It can be described either
by the blackbody (BB) model with a temperature T ≈ 2.5 MK and
an emitting area radius R ≈ 0.3 km or by the neutron star atmo-
sphere (NSA) model (Zavlin, Pavlov & Shibanov 1996) for an NS
with the effective temperature of ≈1 MK and the radius of 10 km.
The interstellar absorption column density for the former and latter
cases was ≈2.3 × 1021 and 6.0 × 1021 cm−2, respectively, which
is a factor of 1.3–3.5 lower than the entire Galactic absorption in
this direction. Because of small count statistics, the spectral param-
eters were poorly constrained. In addition, two key parameters, the
distance and the pulsar spin-down energy loss Ė, also remained un-
certain, which did not allow us to establish firmly the DA 495 PWN
evolution stage. Finally, a high-energy source 3FGL J1951.6+2926,
recently detected with Fermi/LAT, was proposed as a possible γ -ray
counterpart (Acero et al. 2015) of the nebula.

Here, we report a simultaneous analysis of the Chandra2 and
unpublished XMM–Newton3 X-ray archival data on DA 495. We
also include in our analysis the extinction–distance relation towards
J1952. This allows us to improve considerably the count statistics,
to get an independent DA 495 distance estimate and to set more
stringent constraints on the PWN and pulsar parameters. We also
use high temporal resolution XMM–Newton/EPIC-pn data to search
for periodic pulsations from J1952 and derive a more stringent upper
limit on its pulsed emission fraction. The details of observations are
described in Section 2. The timing analysis is presented in Section 3.
The extinction–distance relation and spectral analysis are described
in Sections 4 and 5. In Section 6 we discuss our results, compare
them with the DA 495 radio and γ -ray data and the data for other
pulsar+PWN systems. A summary is given in Section 7.

2 TH E X - R AY DATA

The XMM–Newton observations of DA 495 were carried on 2007
April 21 with total exposure of about 50 ks. The EPIC-MOS cam-
eras were operated in the Full Frame Mode with the medium filter
setting, and the EPIC-pn camera was operated in the Small Win-
dow Mode with the thin filter. The XMM-SAS v.13.5.0 software was
used to process the data. We selected single and double pixel events
(PATTERN ≤ 4) for the EPIC-pn and single to quadruple-pixel

2 PI Arzoumanian, Chandra/ACIS-I, ObsID 3900
3 PI Arzoumanian, XMM–Newton/EPIC, ObsID 0406960101

MNRAS 453, 2241–2249 (2015)
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Galactic Plane at >50 TeV

1deg extended map at >50 TeV

K. Malone | APS April 2017

1° extended source map for 
log10(E/GeV) > 4.75 (> ~56 TeV)
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K. Malone | APS April 2017

HAWC has sensitivity at the highest energies

9

Galactic plane for log(E/GeV) > 4.75

MGRO  
1908+06

HESS 
1808-204

HESS 
1825-137

HESS 
1843-033

MGRO 
2019+371
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1843-033

MGRO 
2019+371 preliminary
K. Malone | APS April 2017

The gamma-ray sky, for 
log10(E/GeV) > 4.75 (> ~56 

TeV)

7

sky shown assuming a power law index of  2.7
Significances calculated using  

Poisson log-likelihood ratio 
test statistic 
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Large-scale structures
e.g.  Fermi Bubbles

• Large scale, non-uniform structures extending 
above and below the Galactic center.
• Edges line up with X-ray features.
• Correlate with microwave excess (WMAP haze)
• Both hadronic and leptonic model fit Fermi LAT 

data.  Leptonic model can explain both gamma 
ray and microwave excess.

NASA / DOE / Fermi LAT / D. Finkbeiner & others
Credits: NASA's Goddard Space Flight Center
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Search for Very High Energy Gamma Rays from the Northern FERMI Bubble Region 9

Figure 9. HAWC upper limits together with the Fermi data and gamma-ray production models from Ackermann et al. (2014)
and Lunardini et al. (2015). See table 3 for spectral assumptions of these models.

Table 2. Charactersitics of the non-detection: upper limits
on the differential flux

Energy Range Upper Limits Sensitivity

[TeV] [GeVcm−2s−1sr−1] [GeVcm−2s−1sr−1]

1.2 - 3.9 3.0×10−7 3.3×10−7

3.9 - 12.4 1.0×10−7 1.1×10−7

12.4 - 39.1 0.5×10−7 0.5×10−7

39.1 - 123.7 0.4×10−7 0.3×10−7

showed that GeV gamma-ray spectrum cuts off around
100GeV. The cutoff for the parent proton spectrum in
this case could be around 1TeV (Cheng et al. 2015).
As mentioned in Section 3.2, Fujita et al. (2013);

Yang et al. (2014); Mou et al. (2015) propose that the
size of the bubbles increases with energy. While defin-
ing the search region to be the same as the excess de-
tected at GeV energies is a more conservative approach,
it may be interesting to increase the size of the latter in
a follow-up analysis.
Increasing the sensitivity at energies <1TeV is an-

other objective for future analysis. Compared to
recent(Abeysekara et al. 2017b,a) or future (HAWC Collaboration
2017, in preparation) publications of the analysis of
HAWC data, this analysis uses only the seven high-
est event-size bins. At energies !1TeV, the large-scale

anisotropy signal (or any significant, spatially-extended
feature) causes signal contamination in the estimation
of the background because the structure takes up a
large portion of the field-of-view of HAWC, significantly
altering the all-sky rate. An iterative procedure for the
DI method will be followed as explained in Ahlers et al.
(2016) and has been shown to remove this artifact.

5. CONCLUSIONS

A search of high-energy gamma rays in the North-
ern Fermi Bubble region has been presented by us-
ing 290 days of data from the HAWC observatory.
No significant excess is found above 1.2TeV in the
search area and the 95% C.L. flux upper limits are
calculated and compared to the differential sensi-
tivity with α = 0.05 and β = 0.5. The upper
limits are between 3×10−7GeVcm−2 s−1 sr−1 and
4×10−8GeVcm−2 s−1 sr−1 . The upper limits, for
gamma-ray energies between 3.9TeV and 120TeV, dis-
favor the emission of hadronic models that try to explain
the GeV gamma-ray emission detected by the Fermi

LAT. This makes a continuation of the proton injection
above 100TeV highly unlikely (solid cyan line in Figure
9). The HAWC upper limits also disfavor a hadronic in-
jection spectrum derived from IceCube measurements.
The present result does not allow unequivocal conclu-
sions about the hadronic or leptonic origin of the Fermi
bubbles though. A future analysis of HAWC data will
include a better sensitivity, especially at lower ener-

14

Large-scale structures
e.g.  Fermi Bubbles

The Astrophysical Journal, 793:64 (34pp), 2014 September 20 Ackermann et al.

Figure 45. Left: IC and synchrotron characteristic cooling time for CR electrons, which is defined as tcool = −E/Ė. Right: the IC energy loss rate for different ISRF
fields. The solid line represents the loss rate, including the Klein–Nishina transition. Horizontal lines correspond to the Thomson approximation of the energy loss for
different densities of the ISRF fields (CMB only, CMB+IR, and CMB+IR+starlight). Vertical lines correspond to the Klein–Nishina transition energy for starlight, IR,
and CMB (left to right, respectively). The characteristic transition energies are the same as in Figure 42.
(A color version of this figure is available in the online journal.)

Figure 46. Contributions to the gamma-ray spectrum from protons at different
momenta. The overall spectrum of CR protons is derived from fitting to the
Fermi bubbles spectrum in Section 7.2.
(A color version of this figure is available in the online journal.)

spectrum dne/dE

dN

dEdΩαdV
= N (α)

4π

dne

dE
. (B10)

The power emitted from a volume element is

dW

dνdt
=

∫
dE

∫
dΩα

N (α)
4π

dne

dE
Pemitted(ν,α, E,B). (B11)

The intensity of microwave flux is derived analogously to
Equations (B4) and (B6)

dI

dν
=

∫
dE

∫
dΩα

N (α)
4π

fe(E)Pemitted(ν,α, E,B), (B12)

Figure 47. Comparison of the energy density of CRs in the leptonic and hadronic
models of the Fermi bubbles, and the energy density of an 8.4 µG magnetic field.
The CR energy densities are obtained from Equations (B5) and (B16), assuming
that the distance to the center of the bubbles is 9.4 kpc.
(A color version of this figure is available in the online journal.)

where fe(E) is the same distribution of electrons as in
Equation (B5). We assume that there is no dependence on the
pitch angle (i.e., N (α) = 1).

In Figure 44 on the left we show the contribution of electrons
at different energies to the total synchrotron spectrum. The
curves are derived from Equation (B12) by only integrating over
the pitch angle α. For a given electron energy E, most of the
emitted power is concentrated around the critical frequency. In
Figure 44 on the right we show the critical frequency for a range
of magnetic fields relevant to the problem (we assume sin α = 1
on this plot). The electrons at energies between 5 and 30 GeV
contribute most of the power in the synchrotron emission at
the WMAP and Planck frequencies. From Figure 43 we find
that most of the contribution to the gamma-ray emission of the

32

The Astrophysical Journal, 793:64 (34pp), 2014 September 20 Ackermann et al.

Figure 43. Left: contribution to the IC model of the Fermi bubbles from different components of the ISRF. Right: contribution to the IC model of the Fermi bubbles
from electrons of different energies.
(A color version of this figure is available in the online journal.)

Figure 44. Left: synchrotron emission from electrons of different energies. The points correspond to the WMAP and Planck microwave haze intensities. Right:
synchrotron critical frequency as a function of electron energy for the different magnetic fields at α = 90◦. The band corresponds to the WMAP and Planck haze
frequencies (Ade et al. 2013).
(A color version of this figure is available in the online journal.)

Then
dNγ

dEγ

= c

∫
dσIC

dEγ

fe(Ee)dEe
dnph

dEph
dEph. (B6)

The best-fit electron spectrum is fe(Ee) = 3.6 × 108 ·
E−2.2

e e−Ee/1.3 TeV in units of (GeV−1 cm−2 sr−1). The total en-
ergy in electrons above 1 GeV is

We = Ω4πR2
∫ ∞

1 GeV
Eefe(Ee)dEe ≈ 1.0 × 1052 erg (B7)

where Ω ≈ 0.66 sr is the surface area of the bubbles (for
|b| > 10◦) and R ≈ 9.4 kpc is the distance to the center of
the bubbles at |b| = 25◦.

The contribution of different ISRF fields and the contribution
of electrons of different energies to the gamma-ray flux is
presented in Figure 43. Most of the contribution below 100 GeV
comes from the CMB, which is the most abundant source
of photons in terms of the number density. Above 100 GeV
the IC signal is dominated by starlight and IR photons. In
this calculation we assume an isotropic IC scattering cross
section. The anisotropy of the starlight and IR photon flux at
high latitudes may introduce a correction to the calculations
(Moskalenko & Strong 2000) at energies above 100 GeV where
the IR and starlight contribution is significant. The magnitude
of the change is not expected to be large, as shown in Figure 34

where we compare the full ISRF model with CMB-only IC
emission.

B.2. Microwave Haze

In this subsection, we calculate the synchrotron emission
from the same population of electrons derived in the previous
subsection. We find that this population of electrons can also
explain the WMAP and Planck microwave haze data (Finkbeiner
2004; Ade et al. 2013).

The power emitted by an electron with an energy E = γmc2

in a magnetic field B with an angle α between the electron
velocity and the magnetic field is (Blumenthal & Gould 1970)

Pemitted(ν,α, E,B) =
√

3e3B sin α

mc2

ν

νc

∫

ν/νc

dξK5/3(ξ ), (B8)

where K5/3(ξ ) is the modified Bessel function of the second
kind and νc is the critical frequency

νc = 3eBγ 2

4πmc
sin α. (B9)

The electron distribution can be expressed as a product of a
distribution related to pitch angle α, N (α), and the energy

31

Ackermann et al. ApJ (2014)

• Hadronic model: 
• cosmic ray interacting with interstellar matter
• hard to explain microwave haze

• Leptonic model:
• electron population produced by outflow from 

Galactic center, or reaccelerated inside the 
bubble

• First limits in TeV, hard spectrum is highly unlikely.

arXiv:1703.01344

https://arxiv.org/abs/1703.01344
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Active Galactic Nuclei

16Nicola Galante for the VERITAS coll. SnowPAC, Salt Lake City, March 2010

Blazars and Active Galactic Nuclei

• AGN “Standard Model”: Black 

Hole and Accretion Disk Power 

Relativistic Jet

• Viewing Angle Determines 

Source Type

• Open Questions:

• Emission Mechanisms?

• Jet Structure?

• Black Hole Accretion?

• Is the TeV Emission Leptonic 

or Hadronic in origin?

• Spectral Evolution?

Active Galactic Nuclei

Image: Aurore Simonnet, Sonoma State University

Illustration: Robert Naeye, NASA GSFC

Black Hole

Torus of Neutral 

Gas and Dust

Accretion Disk

Radio Jet

“Blazar”

Viewing down the jet

“Quasar/Seyfert 1”

Viewing at an angle to 

the jet

“Radio Galaxy/Seyfert 2”

Viewing at 90o from the jet

Tuesday, June 30, 2009

AGN unified model: direction of sight 
determines the sub-class

Blazar: viewing down the jet

AGN physics:

• Jet structure

• Black Hole accretion

• Emission mechanism (leptonic, hadronic)

• Spectral evolution

• Variability (inner engine structure)

Cosmology:

• EBL characterization and evolution

Fundamental Physics:

• Lorenz invariance (fast variability)

• Most likely powered by a supermassive black 
hole surrounded by an accretion disk.
• Jets are believed to be aligned with the 
rotation poles of the black hole, with relativistic 
outflow.

Radio-Quiet              Radio-Loud

Radio
Galaxies                Blazars

small 
viewing 
angle

no emissio
n 

lines

BL Lac    FSRQ

emission lines

16Tuesday, August 24, 2010

Upper limits of 64 GRBs in 18 months of HAWC data
arXiv:1705.01551
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Transient Search

• triggered GRB search: 0.2s — 300s
• external alerts, searching for temporal 

and spatial coincidence.

• blind GRB-like search: 0.2s — 10s
• search entire FOV for burst events.

• rapid flare monitor: 2min — 10hr
• fast rising flux from known blazars.
• arXiv:1704:07411

• daily maps: ~6hr
• flux in every point in all visible sky.
• arXiv:1703.06968

https://arxiv.org/abs/1705.01551
https://arxiv.org/abs/1704.07411
https://arxiv.org/abs/1703.06968
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Joint monitoring with FACT
example: Mrk 501 in April 2015

Fermi-LAT: ATEL 8519

gamma-ray flare (E>100MeV)

Crab light curve from Nov 2014 to April 2016
• consistent with constant flux

Upper limits of 64 GRBs in 18 months of HAWC data
arXiv:1705.01551
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Transient Search

AGN Mrk 421
• Daily flux lightcurve from Nov 2014 to Apr 2016.
• Inconsistent with constant flux at p-value <1e-10.
• Large number of high states, year-average flux ~ Crab flux
• Best fit constant flux for this period is higher than upper limit 

on integral baseline flux derived in Tluczykont et al. 2010.

13 Monitoring the variable g-ray sky with HAWC Robert Lauer 

Recent HAWC-triggered transient alerts: 
First HAWC-triggered blazar flare alert:  

First joint FACT-HAWC-SWIFT ATEL:  z FACT and HAWC with daily TeV coverage and 

complementary observation times. 

z HAWC, FACT and SWIFT all show rising fluxes with 
highest values on June 9, 2016 (~3 x Crab flux). 

z SWIFT observations at 0.3-10 keV: 

“Note that higher or comparable X-ray fluxes were 
observed only four times so far.” 

~2 Crab units, elevated flux for ~2 days  

arXiv:1703.06968

https://arxiv.org/abs/1703.06968
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LIGO Follow-up

HAWC FOV

Best candidate 
p=0.08 post-trial

Real-time all-sky GRB search:
• 4 sliding windows (0.1, 1, 10, 100 seconds) 
• ±10s of LIGO trigger
• 15deg within LIGO contours

Best candidate 9.98s after LIGO trigger
• post-trial p-value 0.08, consistent with background

GCN 19156

GW151226:
• 2015 Dec 26 03:38:53.6 UTC
• z=0.09 +0.03 -0.04
• 14.2M⦿ + 7.5M⦿ ➡20.8M⦿

http://gcn.gsfc.nasa.gov/gcn3/19156.gcn3
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Neutrino	Follow	up	–	HAWC	Limits:	507	days	live1me	

I.	Taboada	|	Georgia	Tech	|	APS	"April"	Mee3ng	 6	

z	=0.1	 z	=0.01	

PRELIMINARY	

36	neutrino/track		
astrophysical	candidates	
from	IceCube	

GCN	Circ.	19361,	19473,	20120,	20250.	ATel	7868		

Best	IceCube	flux	fit	from	ApJ	833,	1	(2016).	Index	2.13	
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Neutrino Follow-up

Lack of a coincident observation interpretation:
• If local sources, fluxes are weaker than implied by an order of magnitude
• Opaque to gamma rays (and to cosmic rays!)
• High redshift
• Transient source
• Incorrect extrapolation to lower energies
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Galactic Origin of IceCube Neutrinos?

HAWC Galactic plane emission accounts for ~5% of IceCube all-sky flux

• Integrated all emission in 19 regions 
(5○x6○) along Galactic plane  
(~47% of Galactic plane coverage)

• Caveats:
• Simple model for photon/neutrino 

flux connection

• Extrapolation to HAWC energies

• Assumed hadronic emission 
(unlikely best-case scenario)

• Galactic center and half of Galactic 
plane are not observed

Integral Flux

Emission from the plane 
visible to HAWC can only 

account for a small fraction 
of the IceCube flux†.

3

• †Extrapolation to HAWC Energies 
assumed 

•  Assuming all the plane emission is 
hadronic; it’s not. 

•  The Southern half of the plane is 
not observed. 

• The Galactic center is not 
observed. 

• HAWC observation accounts for 
~47% of the Galactic Plane

Preliminarypreliminary
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TeV-Energy Cosmic-Ray Anisotropy with HAWC Daniel W. Fiorino

Figure 2: Relative intensity (top) and pre-trial significance (bottom) of the cosmic-ray flux after fit and
subtraction of the dipole, quadrupole, and octupole terms from the map shown in Fig. 1. The map is shown
with 10� smoothing applied.

Figure 3: Angular power spectra of the unsmoothed relative intensity map before (blue) and after (red)
subtracting the large-scale structure (`  3). Gray errors bands show the 68% and 95% spread of the C`

for isotropic data sets. Comparing the band to the data shows which ell-modes significantly contribute to
the sky map. The error bars on the C` are the square root of the variances returned by a fit using a power
spectrum estimator (PolSpice).

5

HAWC - 2 TeV

Abeysekara et al. ApJ 796, 2014

20

Cosmic-Ray Anisotropy

HAWC observation
• 180 days
• 10° smoothing
• Region A — hardening spectrum, 4.3σ effect.
• Region B — most extended.
• Region C — confirm ARGO-YBJ observation.
• Ongoing work on joint analysis with IceCube. 

Region A : Energy Dependence  
HAWC–ARGO Comparison

26

Abeysekara et al., ApJ 796 108 (2014)
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subtraction of the dipole, quadrupole, and octupole terms from the map shown in Fig. 1. The map is shown
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for isotropic data sets. Comparing the band to the data shows which ell-modes significantly contribute to
the sky map. The error bars on the C` are the square root of the variances returned by a fit using a power
spectrum estimator (PolSpice).
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Abeysekara et al. ApJ 796, 2014
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Cosmic-Ray Anisotropy

HAWC observation
• 180 days
• 10° smoothing
• Region A — hardening spectrum, 4.3σ effect.
• Region B — most extended.
• Region C — confirm ARGO-YBJ observation.
• Ongoing work on joint analysis with IceCube. 

HAWC 
Consistent with 
previous experiments. 
 
Small offset in HAWC 
data likely due to 
unaccounted 
seasonal effect from 
partial year coverage 
& Solar Compton-
Getting anisotropy. 
 
This will be corrected 
in future work. 

20	

HAWC	
~	11	TeV	

IceCube	
~13	TeV	

M.	Amenomori	et	al.,	
ApJ	626:L29,	2005	

PRELIMINARY 

Large-scale anisotropy

• HAWC observations: 241 days, 10° smoothing

• partial year coverage — seasonal effect

• observed from 500GeV to 1PeV by IceCube, Tibet

• invariant in time

• phase change at 100TeV

Region A : Energy Dependence  
HAWC–ARGO Comparison

26

Abeysekara et al., ApJ 796 108 (2014)
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subtraction of the dipole, quadrupole, and octupole terms from the map shown in Fig. 1. The map is shown
with 10� smoothing applied.

Figure 3: Angular power spectra of the unsmoothed relative intensity map before (blue) and after (red)
subtracting the large-scale structure (`  3). Gray errors bands show the 68% and 95% spread of the C`

for isotropic data sets. Comparing the band to the data shows which ell-modes significantly contribute to
the sky map. The error bars on the C` are the square root of the variances returned by a fit using a power
spectrum estimator (PolSpice).
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Cosmic-Ray Anisotropy

HAWC 
Consistent with 
previous experiments. 
 
Small offset in HAWC 
data likely due to 
unaccounted 
seasonal effect from 
partial year coverage 
& Solar Compton-
Getting anisotropy. 
 
This will be corrected 
in future work. 
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HAWC	
~	11	TeV	

IceCube	
~13	TeV	

M.	Amenomori	et	al.,	
ApJ	626:L29,	2005	

PRELIMINARY 

Large-scale anisotropy

• HAWC observations: 241 days, 10° smoothing

• partial year coverage — seasonal effect

• observed from 500GeV to 1PeV by IceCube, Tibet

• invariant in time

• phase change at 100TeV

Region A : Energy Dependence  
HAWC–ARGO Comparison
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Possible explanations
• Inhomogeneous source distribution
• Turbulence in Galactic magnetic field  

— doesn’t explain region A hardening
• Exotic scenarios — new particles?

Abeysekara et al., ApJ 796 108 (2014)
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Multi-wavelength / Multi-messenger

Have follow-up 
agreement with:
• Swift
• NuSTAR
• Fermi
• IACTs

• FACT
• HESS
• MAGIC
• VERITAS

• AMON
• IceCube
• ANTARES
• LIGO/VIRGO

HAWC-triggered:
• New source candidates lists.

• follow-up observations by IACTs such as VERITAS and MAGIC.
• Flares from known gamma-ray sources.

• joint monitoring with FACT.

Externally triggered:
• IceCube alert on high confidence astrophysical neutrino event.

• MW follow-up of IceCube multiplet arXiv:1702.06131

• Fermi alerts on flaring activities.

• LIGO/VIRGO gravitational wave event follow-up.

https://arxiv.org/abs/1702.06131
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HAWC Upgrade

• 350 small WCD outrigger detectors.
• Cover an area 4x HAWC. 
• Sensitivity increase by 3-4x the sensitivity at 50 TeV. 
• Deployment in progress.

CRBTSM - September 2016 

HAWC outrigger 
extension

54

• Low cost extension to 
improve HAWC sensitivity 
for E>10 TeV.  

• About 360 WCDs of 2500 
liters each. 

• Resources of LANL, 
Mexico and MPI-HD.

simulated event
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LHAASO site 

5/9/2017 Daocheng - Google Maps

https://www.google.com/maps/place/Daocheng,+Garze,+Sichuan,+China/@34.3421601,107.034252,5.07z/data=!4m5!3m4!1s0x371e35243c89cf17:0xf1a569bdccc7fbfe!8m2!3d29.037007!4d100.298403!6m1!1e1 1/1

Map data ©2017 Google, ZENRIN 200 mi 

Daocheng
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Future Observatories

LHAASO (Large High Altitude Air Shower Observatory) 
• Array in Sichuan province, China at 4410m 

• scintillator detectors (1km2)
• underground water Cherenkov detectors (1km2)
• surface water Cherenkov detectors (80,000m2)
• 12 wide FOV air Cherenkov/Fluorescence telescopes

• Commissioning in 2018, expect to be fully installed in 2021
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Figure 1: Differential sensitivity of LHAASO to a Crab-like point
gamma ray sources compared to other experiments (multiplied by E2).
The Crab Nebula spectrum, extrapolated to 1 PeV, is reported as a
reference together with the spectra corresponding to 10%, 1% and
0.1% of the Crab flux.

the large background of CRs via a simultaneous detec-
tion of muons that originate in the muon-rich CR show-
ers. Their large field of view (ΩFoV ∼ O(sr)) and high
duty cycle (> 90%) make these observational technique
particularly suited to perform unbiased all-sky surveys
(not simply of limited regions as the Galactic plane) and
to monitor the sky for the brightest transient emission
from AGN and GRB, and search for unknown transient
phenomena. The highest energy gamma rays and the
shortest timescales of variability provide the strongest
constraints on the acceleration mechanisms at work in
these sources.

It is known that the ensembles of the brightest sources
in the GeV and TeV ranges do not coincide exactly, with
some bright sources detected by Fermi relatively faint at
TeV energy and vice-versa. It is therefore possible that
the brightest sources in the 100 TeV ranges are unex-
pected. In this sense the large sky coverage of an EAS
detector is well suited to discover the emission from un-
known sources. LHAASO’s wide field of view provides
a unique discovery potential.

It has also been proposed, that the highest energy par-
ticle produced in astrophysical accelerators can escape
rapidly the accelerator, and therefore that the highest en-
ergy emission is not from point-like or quasi point-like
sources, but it could have a broader extension, mapping
the interstellar gas distribution in the vicinity of the ac-
celerators, and perhaps also the structure of the regular
magnetic field in the region, if the diffusion is strongly
anisotropic. In these circumstances the identification of

the PeVatrons is more difficult, but the wide FoV of the
EAS-arrays could be decisive to trace the γ-ray emis-
sion.

LHAASO, thanks to the large area of the km2 ar-
ray and the high capability of background rejection,
can reach sensitivities above 30 TeV range ∼100 times
higher than that of current instruments, offering the pos-
sibility to monitor for the first time the γ-ray sky up to
PeV energies. In addition, at sub-TeV and TeV ener-
gies LHAASO will continuously observe all the North-
ern flaring gamma-ray sky with a sensitivity of a few
percent of the Crab Nebula flux.

The sensitivity of LHAASO to point–like gamma-ray
sources is shown in Fig. 1 where is compared to other
experiments. The sensitivity curve has been calculated
for a Crab-like energy spectrum extending to PeV with-
out any cutoff. The LHAASO sensitivity curve shows
a structure with two minima, reflecting the fact that the
observation and identification of photon showers in dif-
ferent energy ranges is controlled by different detectors:
the water Cherenkov array (WCDA) in the range ∼0.3 –
10 TeV and KM2A array above 10 TeV [15]. Accord-
ing to simulations, the minimum detectable gamma ray
flux is less than 0.03 Crab at TeV energies and about 0.1
Crab around 100 TeV.

For comparison of sensitivities, it is important to note
that the LHAASO sensitivity shown is the point-source
survey sensitivity for ∼1.5 sr of the sky. While the sensi-
tivities of EAS-arrays are also valid for surveys, the sen-
sitivities of Cerenkov telescopes are given for pointed
observations of 50 h ’on source’ in a small FoV of the
order of π/100 sr.

The choice of different conventions is inevitable be-
cause of the different operation modes of the two detec-
tion techniques. Cherenkov telescopes work only dur-
ing clear moonless nights, with a total observation time
of about 1000–1500 hours per year (depending on the
location), and have a FoV of a few degrees of radius.
This implies that they can observe only one (or very
few) sources at the same time, and only in the season of
the year when the source culminates during night time.
Fifty hours is a typical time that a Cherenkov telescopes
dedicate to a selected source in one year and ∼10 hours
are as a rule devoted to survey observations.

In contrast, the sky region observed by an EAS detec-
tor is completely determined by its geographical loca-
tion. The detector observes nearly continuously a large
fraction of the celestial sphere (spanning 360 degrees
in right ascension and about 90 degrees in declination).
Sources located in this portion of the sky are in the FoV
of the detector, either always, or for several hours per
day, depending on their celestial declination. This situ-

G. Di Sciascio / Nuclear and Particle Physics Proceedings 279–281 (2016) 166–173170
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Future Observatories

Southern Gamma-ray Observatory 
• Potential sites:

Argentina 
Bolivia 
Chile

• Investigating sites at 4800m — 5600m
Southern Gamma-ray Observatory workshop Jun 8-9 at Rochester NY

LHAASO (Large High Altitude Air Shower Observatory) 
• Array in Sichuan province, China at 4410m 

• scintillator detectors (1km2)
• underground water Cherenkov detectors (1km2)
• surface water Cherenkov detectors (80,000m2)
• 12 wide FOV air Cherenkov/Fluorescence telescopes

• Commissioning in 2018, expect to be fully installed in 2021
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the large background of CRs via a simultaneous detec-
tion of muons that originate in the muon-rich CR show-
ers. Their large field of view (ΩFoV ∼ O(sr)) and high
duty cycle (> 90%) make these observational technique
particularly suited to perform unbiased all-sky surveys
(not simply of limited regions as the Galactic plane) and
to monitor the sky for the brightest transient emission
from AGN and GRB, and search for unknown transient
phenomena. The highest energy gamma rays and the
shortest timescales of variability provide the strongest
constraints on the acceleration mechanisms at work in
these sources.

It is known that the ensembles of the brightest sources
in the GeV and TeV ranges do not coincide exactly, with
some bright sources detected by Fermi relatively faint at
TeV energy and vice-versa. It is therefore possible that
the brightest sources in the 100 TeV ranges are unex-
pected. In this sense the large sky coverage of an EAS
detector is well suited to discover the emission from un-
known sources. LHAASO’s wide field of view provides
a unique discovery potential.

It has also been proposed, that the highest energy par-
ticle produced in astrophysical accelerators can escape
rapidly the accelerator, and therefore that the highest en-
ergy emission is not from point-like or quasi point-like
sources, but it could have a broader extension, mapping
the interstellar gas distribution in the vicinity of the ac-
celerators, and perhaps also the structure of the regular
magnetic field in the region, if the diffusion is strongly
anisotropic. In these circumstances the identification of

the PeVatrons is more difficult, but the wide FoV of the
EAS-arrays could be decisive to trace the γ-ray emis-
sion.

LHAASO, thanks to the large area of the km2 ar-
ray and the high capability of background rejection,
can reach sensitivities above 30 TeV range ∼100 times
higher than that of current instruments, offering the pos-
sibility to monitor for the first time the γ-ray sky up to
PeV energies. In addition, at sub-TeV and TeV ener-
gies LHAASO will continuously observe all the North-
ern flaring gamma-ray sky with a sensitivity of a few
percent of the Crab Nebula flux.

The sensitivity of LHAASO to point–like gamma-ray
sources is shown in Fig. 1 where is compared to other
experiments. The sensitivity curve has been calculated
for a Crab-like energy spectrum extending to PeV with-
out any cutoff. The LHAASO sensitivity curve shows
a structure with two minima, reflecting the fact that the
observation and identification of photon showers in dif-
ferent energy ranges is controlled by different detectors:
the water Cherenkov array (WCDA) in the range ∼0.3 –
10 TeV and KM2A array above 10 TeV [15]. Accord-
ing to simulations, the minimum detectable gamma ray
flux is less than 0.03 Crab at TeV energies and about 0.1
Crab around 100 TeV.

For comparison of sensitivities, it is important to note
that the LHAASO sensitivity shown is the point-source
survey sensitivity for ∼1.5 sr of the sky. While the sensi-
tivities of EAS-arrays are also valid for surveys, the sen-
sitivities of Cerenkov telescopes are given for pointed
observations of 50 h ’on source’ in a small FoV of the
order of π/100 sr.

The choice of different conventions is inevitable be-
cause of the different operation modes of the two detec-
tion techniques. Cherenkov telescopes work only dur-
ing clear moonless nights, with a total observation time
of about 1000–1500 hours per year (depending on the
location), and have a FoV of a few degrees of radius.
This implies that they can observe only one (or very
few) sources at the same time, and only in the season of
the year when the source culminates during night time.
Fifty hours is a typical time that a Cherenkov telescopes
dedicate to a selected source in one year and ∼10 hours
are as a rule devoted to survey observations.

In contrast, the sky region observed by an EAS detec-
tor is completely determined by its geographical loca-
tion. The detector observes nearly continuously a large
fraction of the celestial sphere (spanning 360 degrees
in right ascension and about 90 degrees in declination).
Sources located in this portion of the sky are in the FoV
of the detector, either always, or for several hours per
day, depending on their celestial declination. This situ-

G. Di Sciascio / Nuclear and Particle Physics Proceedings 279–281 (2016) 166–173170
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Outlook

• HAWC is surveying and monitoring the gamma-ray sky, searching for extended structures and 
transients.

• Many instruments from different waveband/messenger (X rays, gamma rays, neutrinos, 
gravitational waves) available for simultaneous observations.

• Both wide-field and pointing instruments in development and coming online in the next decade.

Tibet AS-γ

HAWC

MAGIC

VERITAS

FACT

LHAASO site 

LHAASO

Southern Gamma-ray Observatory

HESS
CTA
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hadronic event gamma ray-like event

Gamma/Hadron Separation
gamma-ray events are rarely rejected due to accidental noise.273

3.7 Photon/Hadron Separation274

Hadronic cosmic rays are the most abundant particles producing air showers in HAWC and consti-275

tute the chief background to high-energy photon observation. The air showers produced by high-276

energy cosmic rays and gamma rays differ: gamma-ray showers are pure electromagnetic showers277

with no, or nearly no, muons or pions. Conversely, hadronic cosmic rays produce hadronic showers278

rich with pions, muons and other hadronic secondaries. In HAWC, these two types of showers279

appear quite different, particularly for photons above several TeV.280

Figure 5 shows the lateral distribution for two showers, an obvious cosmic-ray (left) and a strong281

photon candidate (right) from the Crab Nebula. The effective light level Qeff falls off for hits further282

from the shower core in both showers, but in the hadronic shower there are sporadic high-charge hits283

far from the air shower’s center. These are muons and other penetrating particles in that shower284

which are absent in the photon candidate.285

Figure 5: The lateral distribution function of an obvious cosmic-ray (left) and a photon candidate
from the Crab Nebula (right). The cosmic ray has isolated high-charge hits far from the shower core
due to penetrating particles in the hadronic air shower. These features are absent in the gamma-ray
shower.

Two parameters are used to identify cosmic-ray events. The first parameter, compactness, has286

been described before [7]. After the core is found, the PMT with the largest effective charge is287

found that is more than 40 meters from the core. This charge is termed CxPE40. We then define288

the compactness C as289

C =
Nhit

CxPE40
(2)

where Nhit is the number of hit PMTs during the air shower. CxPE40 is typically large for a hadronic290

event, so C is small.291

In addition to the largest hit outside the core, we quantify the “unsmoothness” of the air shower292

with a parameter P, termed the PINCness of an event (short for the Parameter for Identifying293

Nuclear Cosmic-rays). P is defined using the lateral distribution function of the air shower, seen in294

Figure 5. Each of the PMT hits, i, is assigned an expected charge < log10(qi) > by averaging the295

11
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Angular Resolution
Observation of the Crab Nebula with HAWC 15

(a) B = 3 Event Counts (b) B = 8 Event Counts

(c) B = 3 Angular Profile (d) B = 3 Angular Profile

Figure 9: Maps of the sky around the Crab Nebula for events B=3 (left) and B=8 (right) after photon/hadron
discrimination in equatorial coordinates. The pixelation is based on the HEALpix library (Górski et al. 2005) and
each pixel corresponds to 9.99×10−7 sr. The top panels show the recorded number of events pixels on the sky much
smaller than the HAWC angular resolution. The Crab is readily evident. The bottom panels show the number of
recorded events per steradian (dN/dΩ) as a function of the distance from the Crab. At higher B, the angular resolution
and background rejection improve dramatically.

Figure 9 exhibits the measured angular resolution in HAWC data in two size bins B = 3 and B = 8 obtained
by assuming that the Crab Nebula is a point source and that all the angular spread observed in HAWC is due to
instrumental precision. The solid-angle density of recorded events dN/dΩ in the vicinity of the Crab is shown as a
function of ψ2. Bins of ψ2 have constant solid angle (in the small-angle approximation), so any remaining cosmic-ray
background shows up as a flat component and the gamma rays are evident as a peak near ψ2 = 0. The improvement
in angular resolution for larger events is clear.

Fits to this functional form of Equation 4 can have highly coupled parameters. It is more useful and traditional to
quantify the resulting fits with the 68% containment radius, ψ68, the angular radius around the true photon direction
in which 68% of events are reconstructed. Figure 10 shows ψ68, for each B of the analysis, measured on the Crab and
predicted from simulation. At best, events are localized to within 0.17◦, the best angular resolution achieved for a
wide-field ground array. detector directly sampling the particle cascade on the ground.

Knowing the angular resolution is critical to subsequent steps of the analysis. Figure 9 indicates that the simulated
angular resolution is in good agreement with measurements of the Crab Nebula. This is important because the angular
resolution of HAWC for objects at declinations above and below the Crab will differ. While the measured PSF at the
position of the Crab cannot be easily extrapolated to other declinations, the simulation can be used to predict the
shape of the PSF at any declination. Therefore, the data-simulation agreement shown in Figure 9 is an important
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verification step. The angular resolution is weakly dependent on the assumed spectral index and the impact on the
analysis is desribed later in Section .

Figure 10: The figure shows the measured angular resolution, the angular bin required to contain 68% of the photons
from the Crab, as a function of the event size, B. The measurements are compared to simulation. The measured and
predicted angular resolutions are close enough that that using the simulated angular resolution for measuring spectra
is a sub-dominant systematic error.

3.4. Cut Selection and Gamma-Ray Efficiency

The two parameters described in Section 2.6, the compactness, C, and PINCness, P, are used to remove hadrons
and keep gamma rays. Events are removed using simple cuts on these variables and the cuts depend on the size bin,
B, of the event. The cuts are chosen to maximize the statistical significance with which the Crab is detected in the
first 337 days of the 507-day dataset. Concerns of using the data itself for optimizing the cuts are minimal with a
source as significant as the Crab.

Table 2 shows the cuts chosen for each B bin. The rates of events across the entire sky going into the 9 bins, after
hadron rejection cuts, vary dramatically, from ∼500 Hz for B=1 to ∼0.05 Hz for B=9. Figure 11 shows the predicted
efficiency for gamma rays (from simulation) along with the measured efficiency for hadronic background under these
cuts. The efficiency of photons is universally greater than 30% while keeping, at best, only 2 in 103 hadrons. The
efficacy of the cuts is a strong function of the event size, primarily because larger cosmic-ray events produce many
more muons than gamma-ray events of a similar size.

The limiting rejection at high energies is better than predicted in the sensitivity design study (Abeysekara et al.
2013). The original study was conservative in estimating the rejection power that HAWC would ultimately achieve.
With more than a year of data, we now know the hadron rejection of the cuts and can accurately compute the
background efficiency.

4. SPECTRAL FIT

Knowing the angular resolution and the background in each B, the energy spectrum of the Crab Nebula may be
inferred from the measured data. Section 4.1 describes the likelihood fit to the data. Section 4.2 describes the resulting
measurement, and Section 4.3 describes the systematic errors to which this measurement is subject.
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Figure 15: The effective area for HAWC for events within 13◦ from overhead. To show the progression of analysis
cuts, we show curves without any photon/hadron discrimination, insisting that events only reconstruct within 4◦ of
their true direction. Requiring events to be reconstructed within their 68% containment radius lowers the effective
area and photon/hadron discrimination cuts lowers it further. With a requirement that events be reconstructed on
the detector, the effective area flattens at roughly half the physical area of the instrument.

Additionally, the principal systematic error (the modeling of late light) is conservatively estimated here and is being
studied using the calibration system. It is likely that the effects of late light will be better modeled in the future.

Finally, the threshold for this analysis is established by including only events where more than 6.7% of the PMTs
detect light. The typical number of live, calibrated PMTs is ∼1000, corresponding to a threshold of ∼70 PMTs.
Events with 20–30 PMTs could be reconstructed if the noise could be confidently identified. A relatively high event
size threshold is used in this analysis to reduce its dependence on the modeling of noise hits. Planned improvements
in the modeling should lower the energy threshold of the spectrum analysis in future studies.

The HAWC instrument is performing well with survey sensitivity exceeding current-generation instruments above
10 TeV, sensitivity which HAWC maintains across much of its field-of-view. The all-sky survey conducted by HAWC
probes unique flux space and reveals the highest-energy photon sources in the northern sky. Understanding the Crab
gives confidence in the survey results.
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Figure 11: The figure shows the fraction of gamma rays and background hadron events passing photon/hadron
discrimination cuts as a function of the event size, B. Good efficiency for photons is maintained across all event sizes
with hadron efficiency approaching 1×10−3 for high-energy events.

4.1. Likelihood Analysis

The HAWC data is fit using the maximum likelihood approach to find the physical flux of photons from the Crab
(Wilks 1938; Younk et al. 2016). In this approach, the likelihood of observations is found under two “nested” hypotheses
where some number of free parameters are fixed in one model. This approach can be used to conduct a likelihood
ratio test by forming a test statistic, TS, that indicates how likely the data is under a pure background hypothesis
or to test the improvement of having additional free parameters in the functional form of the hypothesis spectrum.
We form the likelihood of our observations under the null hypothesis, Lnull, and an alternative hypothesis, Lalt, with
additional free parameters which are not in the null-hypothesis model. If the null model is true, the Test Statistic,
TS=-2·ln(Lnull/Lalt), will be distributed as a χ2 distribution with a number of degrees of freedom equal to the number
of additional free parameters in the alternative model, allowing a quantitative description of how much improvement
the additional parameters provide.

The likelihood function is formed over the small (on the scale of the angular resolution) spatial pixels within 2
degrees of the Crab. Each pixel, p has an expected number of background events of Bp and, for a specific flux model,
an expected number of true photons Sp(⃗a), where a⃗ denotes the parameters of our spectral model of the Crab. The
predicted photon counts fall off from the source according the assumed point spread function. The likelihood L(⃗a) is
then the simple Poisson probability of obtaining the measured events in each pixel, Mp under the assumption of the
flux given by a⃗. The B dependence of each term in Equation 6 is suppressed.

ln(L(⃗a)) =
9

∑

B=1

N
∑

p=1

ln

(

(Bp + Sp(⃗a))Mpe−Bp−Sp(a⃗)

Mp!

)

(6)

Specifically, we fit a differential photon flux φ(E) of the log parabola (LP) form:

φ(E) = φ0(E/E0)
−α−β·ln(E/E0) (7)

Here, φ0 is the flux at E0, α is the primary spectral index and β is a second spectral index that governs the changing
spectral power change of spectral shape across the energy range of the fit. In this formulation, E0 is not fitted but
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B fhit ψ68(deg) P Maximum C Minimum Crab Excess Per Transit

1 6.7 - 10.5% 1.03 <2.2 >7.0 68.4 ± 5.0

2 10.5 - 16.2% 0.69 3.0 9.0 51.7 ± 1.9

3 16.2 - 24.7% 0.50 2.3 11.0 27.9 ± 0.8

4 24.7 - 35.6% 0.39 1.9 15.0 10.58 ± 0.26

5 35.6 - 48.5% 0.30 1.9 18.0 4.62 ± 0.13

6 48.5 - 61.8% 0.28 1.7 17.0 1.783 ± 0.072

7 61.8 - 74.0% 0.22 1.8 15.0 1.024 ± 0.053

8 74.0 - 84.0% 0.20 1.8 15.0 0.433 ± 0.033

9 84.0 - 100.0% 0.17 1.6 3.0 0.407 ± 0.032

Table 2: Cuts used for the analysis. The definition of the size bin B is given by the fraction of available PMTs, fhit,
that record light during the event. Larger events are reconstructed better and ψ68, the angular bin that contains 68%
of the events, reduces dramatically for larger events. The parameters P and C (Section 2.6) characterize the charge
topology and are used to remove hadronic air shower events. Events with a P less than indicated and a C greater than
indicated are considered photon candidates. The cuts are established by optimizing the statistical significance of the
Crab and trend toward harder cuts at larger size events. The number of excess events from the Crab in each B bin
per transit is shown as well.

Figure 2: Fits to the true energy distribution of photons from a source with a spectrum of the form E−2.63 at a
declination of +20◦N for B between 1 and 9, summed across a transit of the source. Better energy resolution and
dynamic range can be achieved with a more sophisticated variable that takes into account the zenith angle of events
and the total light level on the ground. The curves have been scaled to the same vertical height for display.

2.4. Core Reconstruction

In an air shower, 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 of the primary particle. In the sample event, Figure 3, the air shower core is evident in Figure 3a. The image


