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 The Cosmic Ray Spectrum at Earth
 
•  90% protons, 9% helium, 1% electrons
•  CR spectrum roughly -2.7 up to the knee 
•  CRs isotropically distributed up to very high energies
•  CRs up to the knee are believed to have a Galactic origin
•  Galactic accelerators have to inject particles up to at least to the knee at PeV (1015 eV) energies, maybe 1017 eV

Knee ~ 3 x10 15  eV 



Cosmic Ray Abundances < 100 GeV 

§  Secondary particle production (B/C 
ratio) implies CR pass through 5-10 
g/cm2 in lifetime 
§  Average Galactic plane density 

of 1 H atom/cm3  implies CR 
traverse 1000 kpc for a lifetime 
of 3 x 106 yr 

§  Ratio decreases with energy 
implies higher energy CR 
escape Galaxy more quickly 

§  Long lived radioactive isotope (e.g. 
Be10) implies even longer lifetime 
so CR spend considerable time in 
Galactic halo 



   
   Questions in CR physics

  
 
•  1. How are cosmic rays and cosmic ray sources distributed 

in the Galaxy ? Is the Earth embedded in the  cosmic ray 
background (sea) or is it located close a  source ? 

•  2. What are the Galactic sources of TeV and PeV cosmic 
rays? How high in energy can the different Galactic sources 
accelerate particles? 

 
•  3. How do cosmic rays propagate in the Galaxy ? 
 
 
 
 
 

 



   Physics of extreme (MHD, 
plasma physics, electrodynamics)

  
Extreme environments (magnetic, radiation and gravitational 
fields) 
 
Extreme accelerators have efficiency close to 100% 
 
•  1. Fraction of available energy converted in charged 

particles 

•  2. Maximum energy achieved 
 
 
 
 

 



     
•  High quality information about the locally measured 

primary and  secondary components of CRs

•  CR factories can be revealed only by neutral & stable 
astronomical messengers:  photons and neutrinos

•  Charged CRs do not provide information about the 
acceleration sites

Astrophysics with CRs ?
 



 
 

     
  

Acceleration and transport in 
the Galaxy
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Acceleration and transport in 
the Galaxy

γ



    
Gamma-ray Emission : 
a probe of CR origin and propagation

 CRs + gas -> πo -> 2 γ
• CRs + gas -> π++π−-> ν    

 CR signatures for γ-rays
• Morphology
• Spectrum

 But electrons produce gamma-
rays, too and very efficiently 
through IC and bremsstrahlung.

Synchrotron

Inverse

Compton

Bremstrahlung



2019 : 223 sources in TeVCat  



AGNs 
Pulsars 

and PWN 

SNRs 
Micro quasars 
X-ray binaries 

A big help from nature : many extreme 
accelerators

GC 
Dark sources Stellar clusters 



1 March 2017 
 

13 

 
 
 

Simulation 
(CORSIKA) 

Extensive Air Shower (EAS) 
Detector 

Imaging Atmospheric 
Cherenkov Telescope (IACT) 

Satellite 
Detector 

Wide Field of View, 
 Continuous  
Operations 

TeV 
Sensitivity 

NASA 

VERITAS 

 
 
 
 
 
 

 High Energy Gamma-Ray Detectors



    

 
 
 

 
 
 
 



The HAWC Detector
l  Site: Sierra Negra, Mexico, 19°N, 4,100 m 

altitude. 

l  Instantaneous FOV 2sr. Daily 8sr (66% of the 
sky). 

l  Duty cycle >90%. 

l  300 WCDs covering 22,000m2 area. 

l  Inaugurated March 2015. 

LMT 



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 



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. 

•  High altitude means closer to the 
shower maximum. 

HAWC (4100m) Sea level 



Gamma-Hadron Separation

•  Main background is hadronic CR, e.g. 400 γ/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”. 

HAWC Data  
 Likely Gamma Ray  

HAWC Data  
Hadron Shower Gamma Hadron 

Simulation 
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γ/h separation
Albert et al, 2017 



Searching for sources with HAWC 

•  Events are sorted by size in n bins (corresponding
to a characteristic energy,  S/N ratio and PSF)

•  A likelihood framework incorporating detector 
response and source model tests the presence of 
sources in the n maps

     CRAB 



HAWC Sensitivity



 
 
 

The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

The gamma-ray Galactic Plane

 
 
 
 



2nd HAWC Catalog
Abeysekara et al, ApJ, 2017 

40 sources of which ¼ are new  



HAWC 1017d (3 years) map

 
 



Geminga Region 
 



  Geminga-Monogem PWNe

l  Confirmation (~12σ pre-trial) of Geminga (PSR J0633+1746) by HAWC.

l  Evidence (~7σ pre-trial) of a new extended source near PSR B0656+14. 

l  Both pulsars, similar in age and distance, were suggested as contributors of the positron fraction.

Positron	Fraction	

   Aharonian+1995, Yuksel+2009 PSF smoothed map 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Geminga-Monogem PWNe 

•  Geminga and Monogem : about 5 deg ext

•  Assuming emission from electrons diffusing in the ISM, then direct 
measurement of particle diffusion 

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

Science 2017, paper led by IFJ HAWC group  



The positron flux at Earth 



The Cygnus Region

 
 
 



SFR as CR sources: �
Fermi-HAWC cocoon 

HAWC Map of the Cocoon Region
§ Significance map with 

1017 days of HAWC 
data

§ White contours: 
VERITAS 5,7 and 9 
significance contours

§ Purple contours: 
Fermi-LAT 0.16, 0.24, 
0.32 photons per bin 
contours
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•  Star forming region as GCR accelerator ?
•  What is the maximum acceleration energy ?
•  Cygnus Cocoon detected from GeV 

energies to TeV energies
•  First firm TeV detection of SFR 
 

§ 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

•  Cocoon of  accelerated CRs

§ 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



SFR as CR sources: �
Fermi-HAWC cocoon 



 Microquasars as sources of TeV γs 

• 
Microquasars 

3 

•  Compact Binaries are important 
astrophysical laboratories. They can 
be predictable, or flare unpredictably. 

 

•  Some binaries are microquasars, with 
accretion disks that can emit X-rays 
and γ rays. Microquasars also exhibit 
relativistic jets where particle 
acceleration can occur. 

 
•  Microquasars have been one of the 

candidates as possible Galactic 
cosmic-ray accelerators. 

•  They are also interesting scale 
models of AGN which we can 
observe at close range. I. F. Mirabel, 2006, Science 

Compact binaries are extremely interesting  
astrophysical laboratories, which show 
periodic or unpredictable flaring acivities 
and mimic the behaviour of AGN on 
observable timescales. 
 
Microquasars are binaries with accretion 
disks that can emit X-rays and gamma-rays 
and have relativistic jets. 
 
Micro-quasars are expected to emit 
radiation at TeV energies. 
 
 
 
 
 
 
 
 



Microquasars as�
gamma-ray sources: 

SS433 Lobes

 
 
 
  

 
 
 
 
 

•  SS 433 is a Galactic micro-quasar observed in  
radio-X-rays.  
 
•  SS433 is a binary system formed by a  
Supergiant 30 solar masses star and a compact  
object, either a neutron star or a black hole 
 
•  Two jets, the most powerful known in the  
Galaxy, extend perpendicular to the line of  
sight and terminate in W50 nebula and  
produce western and eastern X-ray lobes 
 
•  SS433 jet  : 1039-40 erg/s   

•  SS433 jet speed roughly c/4 

•  Baryon loaded 

•  Particle acceleration is believed to occur at the  
lobes where strong radiation is expected to be  
emitted at GeV and TeV energies  



Region of SS433 dominated by MGRO J1908+06  

Simultaneous fit of normalisation,  
spectrum, size for MGRO J1908+06  
and normalisation for each SS433  
lobes 
 
SS433 lobes spectral index assumed -2 
 
Semi-circular RoI to reduce GDE  
contamination 
  

SS433 



HAWC – SS 433 in 1017d of Data 9 

PRELIMINARY 

Res Map 

PRELIMINARY 

 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

Region of SS433 afer subtracting MGRO J1908+06   

Nature, Abeysekara et al 2018 



SS433 lobes 

•  PL of spectral index -2.0 has been 
assumed for both lobes.

•  The pre-trial significance distribution 
shows improvement by removing J1908 but 
high- significance tail still exists



Residuals

•  Residual map after subtracting the lobes as 
well as J1908.

•  The residual significance distribution is zero-
mean Gaussian, consistent with background-
only distribution.

•  The fit of point-like east and west lobes gives 
5.4σ post-trial with HAWC’s 1017 days of 
dataset at e1 and w1. 

•  Upper limits on angular size are 0.25 degree 
for e1 and 0.35 degree for w1, 
corresponding to 23 and 34 pc, respectively 
at 5.5 kpc. 

Nature, Abeysekara et al 2018 



Origin of the emission

•   Composition and spectrum of the particles 
generating the gamma rays: hadronic (π0 decay) or 
leptonic (IC) origin? 

•   Acceleration in magnetic fields or by standing 
shocks? 

•   Is there enough energy to accelerate high-energy 
particles? 

 



13 Broadband Spectral Energy Distrib. of e1 

•  Leptonic: radio + X-ray photons are produced via synchrotron emission in a magnetic 
field and TeV γ rays observed by HAWC are produced via IC scattering of the same e-. 

 
•  Multiwavelength spectral fit (solid + dashed line) of leptonic scenario assumes 

                                
                    
                                                                          

in a magnetic field of strength B. We inferred Emax > 1 PeV. 

dN
dE

∝E−α exp( −E
Emax

),

K. Fang 

Origin of the emission (e1) 

•   IC scattering off CMB photons, scattering off optical and infrared suppressed electron 
acceleration 

•  Electrons of at least 130 TeV required in a magnetic field of 16microGauss  

•  Hadronic emission assumes 10% conversion of jet energy into protons and 0.05 cm-3 density 

  

Nature, Abeysekara et al 2018 



 
 
 
 

Leptonic model does a good job of explaining the gamma ray emission, 
requires ~0.5% of jet power going into electron acceleration. 
 
In hadronic-only scenario protons of at least 250 TeV produce gamma in 
proton-proton interaction and secondary leptons radio and X-rays via 
synchrotron radiation.  
 
Energy budget of 3 X 1050 erg ~100% of jet energy over 30000 year lifetime 
of SS 433 must go into accelerating protons to explain the observed gamma-
ray emission.  
 
Acceleration is occurring in the jets, not in the central binary: 
1.  Emission region is ~40 pc from central binary. 
2.  Diffusion length scale is ~35 pc at these energies, assuming ISM diffusion 
coefficient  
3.  Advection length scale is ~4 pc. 

Origin of the emission 



Fermi bubbles

c. michelle hui HAWC results and future development

Gamma-Ray ObservatoryGamma-Ray Observatory
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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

c. michelle hui HAWC results and future development

Gamma-Ray ObservatoryGamma-Ray Observatory
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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

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.

43

Fig. 21. The location and geometry of the Fermi Bubbles shown schematically
together with the WPAP haze and the X-ray emission structure detected by ROSAT
(from ref. [83]). The gamma-ray structures could be initiated by cosmic rays related
to the PeVatron in GC.

important, but, strictly speaking, their information is rather circumstantial
as long as it concerns the exploration of the nature of the PeVatron.

The neutral and stable products of interactions of relativistic protons -
gamma rays and neutrinos - generated through the production and decays
of ⇡0, ⇡+ and ⇡� mesons, receive approximately 10% of the energy of pri-
mary protons. Therefore, the multi-TeV secondary neutrals carry the most
straightforward and model-independent information about the primary PeV
protons. This concerns, first of all, � 10 TeV �-rays because of the adequate
performance of IACT arrays for deep spectroscopic and morphological studies.

Although at such high energies the non-leptonic nature of �-rays hardly
could be debated, the most straightforward inspection of the hadronic origin
of diffuse emission of CMZ would be the detection of multi-TeV neutrinos
spatially correlated with �-rays. The predictions regarding the detectability
of high energy neutrinos by the current or planned telescopes are robust (i.e.
less sensitive to the spectral shape) when normalized at the neutrino flux at
energy of ⇡ 20 TeV. Namely, neutrinos can be detected by a km3 volume
detector if the differential flux of accompanying �-rays at 20 TeV exceeds
10�12 TeV cm�2 s�1 [90]. Since the �-ray fluxes in Fig.18 are quite close to
this value, a km3-scale detector located in the Northern Hemisphere should
be able to detect, after several years of exposure, a positive signal from GC.



Fermi Bubbles

Abeysekara et al, ApJ, 2017 



Constraining the CR flux in the Galaxy :�
Emission from Gould Belt Molecular Clouds



�
Event by event Energy Estimator 

•  Spectral analysis is paramount when 
understanding the physics of the emission

•  So far the number of PMT seeing lights as 
energy proxy. No difference between 10 and 50 
TeV events

•  Event-by-event energy estimation algorithm to 
distinguish between 10 and 100 TeV photon  

•  Previously published HAWC papers
    did not use this algorithm 
 



The Galaxy above 50 
TeV : PeVatrons 

searches with HAWC

  

 
 
 

MGRO 2019+371 MGRO 1908+06 HESS J1825+137 
HESS J1826-130 



The Crab spectrum at VHE 

 
 

TTwo independent energy 
estimation algorithms (grey and 
green points/bands above)

837 day dataset

Good agreement at lower energies 
with previous HAWC paper (ApJ 
2007) and IACT measurements

First Crab spectra that goes past 
100 TeV in reconstructed energy



HAWC Candidate PeVatrons



HAWC PeVatrons as neutrino 
sources

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



HAWC Extragalactic 
Astronomy 
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Active Galactic Nuclei are Variable



First HAWC Alert

April 5, 2016 April 8, 2016 April 7, 2016 April 6, 2016 

•  HAWC is already providing prompt notification of flaring activity. 
•  First Astronomer's Telegram sent on April reporting a Mkr 501 flare (~2 Crab units for 2 

days). 
•  Monitoring all gamma-ray sources visible to HAWC every day. 

Paper on online 
flare monitoring 
in preparation! 



HAWC Multi-Messenger: �
IceCube Neutrinos

IceCube Event follow-up 
•  Highest energy (2.6 PeV) pointed astrophysical track-like 

event. 
•  June 11, 2014, 4:54 UTC. (RA,Dec) = (110.3, 11.5) 
•  HAWC-111 live (pass1). Several hours out of HAWC’s FOV. 
•  Searches: 

•  Integrated dataset (Steady, Aug 2013-May 2015) 
•  Next Day / Prior Day 
•  ±2 and ±5 days around the event. 
•  All searches consistent with cosmic-ray background. 

IceCube ATel: #7856 
HAWC Follow-up ATel: #7868 

The steady neutrino flux, assuming it is evenly  
divided among Ns sources (IceCube, PRL 2014),  
should be detectable in HAWC in a year if photons  
are not attenuated. 
We can set constraining limits on every IceCube  
event in the HAWC FOV. 

Time integrated map 



HAWC Multi-Messenger: IceCube

HAWC’s Strengths for IceCube Followup 
•  Wide FOV: Search for cascade coincidences. 
•  Continuous observation. 
•  Can search archival data. 
•  HAWC Sensitive up to 100 TeV 

IceCube Collab. Science, 2013; PRL, 2014; Phy.s Rev. D, 2015 

l  Some interpretations. Sources may: 
-  Be more than expected, weaker flux. 
-  Be opaque to gamma- and cosmic-

rays. 
-  Have high redshift. 
-  Be transient. 

No coincident 
detection 

Neutrino / Photon Connection: Pions 
dN⌫

dE
⇠ dN�

dE

⇡0 ! ��
⇡± ! µ ⌫µ ! ⌫µ ⌫µ ⌫e



HAWC Multi-Messenger: �
LIGO Gravitational Waves

l  GW151226, 2015-12-26 03:38:53 UTC, • z=0.09 +0.03 -0.04 
• 14.2M⦿ + 7.5M⦿ ➡20.8M⦿  

l  Analysis under MoU with LIGO. HAWC field of view covered a large part of the localization contour 
at time of coincidence. Real-time all-sky GRB search:  4 sliding windows (0.1, 1, 10, 100 seconds)  

l  No significant detection.  
GCN circular: http://gcn.gsfc.nasa.gov/gcn3/19156.gcn3 

c. michelle hui HAWC results and future development

Gamma-Ray ObservatoryGamma-Ray Observatory
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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⦿



Present and Future 
Developments

Present: 
l  HAWC is adding more detectors to enhance the 

sensitivity above 10 TeV. 

l  Outriggers will help to accurately determine core 
position for showers off the main tank array. 

l  Increase effective area above 10 TeV by 3-4x 

l  Plans for ~300 tanks of 2500 liter tanks  
(1/80 HAWC tank). 

l  Funded by LANL, Mexico, MPIK. Tank 
deployment and firsts tests ongoing. 

 

Future: 

l  Working together with other scientists on a future 
wide field-of-view TeV observatory for the 
Southern Hemisphere that will complement CTA 
in the south. 

l  Expected improvements: higher altitude, larger 
area, better hadronic rejection, better shower 
sensitivity.  



understanding larger area



HAWC with Outrigger
We will boost the sensitivity of the highest energy events by determining the core 

position for highest energy showers that fall off the array.

Break degeneracy between deep penetrating, high energy showers far from the array 
and shallow, low energy showers closer to the array

The 350 small WCD outrigger detectors cover an area 4x HAWC and will increase by 
3-4x the sensitivity at 50 TeV. 

Layout 

Simulated event 



Outriggers array



Outriggers array



Outriggers array



Large Water Cherenkov Survey 
instrument in CTA Era

Complementary to CTA 
•  Transient phenomena 

•  Very extended emission regions 

•  Strong flaring sources 

•  Continuous and unbiased monitoring 

Potential sites in Argentina, Bolivia, and Chile 
Investigating sites at ~4,800 m and ~5,600 m 
 
 
 
 



Same detector at a higher 
altitude has increased 
sensitivity especially at 
lower energies 

 
Factor of 4 increase in 

sensitivity between 
ALMA and HAWC 
altitude 

 

 

 

Beyond HAWC: Even Lower Energy

Sensitivity for one year of 
observation of an array of 900 
tanks with 900 PMTs at 
different altitudes 



High altitude -> low threshold



Discovering rare transient events requires full sky coverage 

GRB finder for Advanced LIGO, which will detect all neutron 
binary coalescence with z<0.5 

AGN flares & GRBs as distant probes of high energy physics 
(e.g. Lorentz invariance and axions) 

Galactic Center 

TeV Source finder for CTA south 

Beyond HAWC: Southern Site

Alto Chorrillo 
Argentina 
4800m  



Summary and outlook

•  Exciting results from the Galactic Plane 

•  IFJ-PAN led Science paper on Geminga nebula. 
•  Star Forming Regions as multi TeV emitters : Cygnus cocoon
•  First observations of jets at TeV : SS 433
•   Exciting multi-messenger / multi-instrument activities.
•  Highest energy survey of the GP ever carried out.  

•  Future developments 
•  Outrigger array
•  Plans for High Sensitivity EAS Monitoring detector in the Southern 

Emisphere in the CTA era



HAWC&ParticleAstrophysics

Complements TeV IACTs 

Identifies new and flaring sources for follow up 
observation of morphology and sub TeV spectra 

Extends TeV spectra to higher energies 
Complements GeV All Sky Survey 

Monitors 1000s of Fermi GeV sources at higher 
energies 

Complements TeV neutrino observations 

Identifies new and flaring TeV sources to improve 
the sensitivity and interpretation of blind searches 

Complements Advanced LIGO 

Simultaneous observations of nearby, short GRBs 
from ns-ns inspiral 

 

IceCube 

VERITAS 

Fermi 

Adv LIGO 



Backup slides on detection 
tecnique �

and gamma-hadron separation



Nhit analysis
8 Albert et al.

Figure 3. 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 2, the air shower core is evident in Figure 2a. The image
is an overhead view of the HAWC detector with circles indicating the WCD location and the PMTs within the WCDs.
The colors indicate the amount of light (measured in units of PEs) seen in each PMT. The air shower core is evident
as the point of maximum PE density.
The PE distribution on the ground is fit with a function that decreases monotonically with the distance from the

shower core. The signal in the ith PMT, Si, is presumed to be

Si = S(A, x⃗, x⃗i) = A
! 1

2πσ2
e−|x⃗i−x⃗|2/2σ2

+
N

(0.5 + |x⃗i − x⃗|/Rm)3

"

(1)

where x⃗ is the core location, x⃗i is the location of the measurement, Rm is the Molière radius of the atmosphere,
approximately 120 m at HAWC altitude, σ is the width of the Gaussian, and N is the normalization of the tail.
Fixed values of σ = 10 m and N = 5 · 10−5 are used. This leaves three free parameters, the core location and overall
amplitude, A.
The functional form used in this algorithm, termed the Super Fast Core Fit (SFCF), is a simplification of a modified

Nishimura-Kamata-Greisen (NKG) function (Greisen 1960) and is chosen for rapid fitting of air shower cores. The
NKG function has an additional free parameter, the shower age, and involves computationally intensive power law and
gamma function evaluation. The SFCF hypothesis in Equation 1 is similar but numerical minimization can converge
faster because: the function is simpler, the derivatives are computed analytically, and the lack of a pole at the core
location.
Figure 2b shows the recorded charge in each PMT as a function of the PMT’s distance along the ground to the

reconstructed shower core. The fit for this event is shown along with the PINCness moving average from Section 2.6.
While the full NKG function would describe the lateral distribution better, the SFCF form allows rapid identification
the center of showers and this is sufficient for the present analysis. Cores can be localized to a median error of ∼2

Albert et al, 2017 



Quantifying the clumpiness: 
Compactness

 

     C   =   Nhit/ CxPE40
   

CxPE40 is the effective charge measured in the PMT with the largest 
effective charge outside a radius of 40 meters from the shower core. 
Nhit is the number of hit PMTs during the air shower. CxPE40 is 
typically large for a hadronic event, so C is small.

Albert et al, 2017 



 

  P= 1/N ∑i=1,N (ζi− 〈ζi〉)2/σζi
2

 
P is defined using the lateral distribution function of the air shower. Each of the PMT 
hits, i, has a measured effective charge Qeff,i. 

    P is computed using the logarithm of this charge ζi=log10(Qeff,i). 

    For each hit, an expectation is assigned 〈ζi〉 by averaging the ζi in all PMTs 
contained in an annulus containing the hit, with a width of 5 meters, centered at the 
air shower core. 

    The higher the accumulated charge within the ring the more likely the event is a 
hadron.  The P variable requires axial smoothness.

          

Quantifying the clumpiness: Pincness�
�



Cuts used in analysis
Observation of the Crab Nebula with HAWC 7

B fhit ψ68 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.

As described in Section 1, the HAWC DAQ records 1.5 µs of data from all PMTs that have a hit during an air
shower event. A subset of these hits are selected for the air shower fit. To be used for the air shower fit, hits must be
found between -150 and +400 ns around the trigger time. Hits are removed if they occur shortly after a high-charge hit
under the assumption that these hits are likely contaminated with afterpulses. Additionally, hits are removed if they
have a pattern of TDC crossings that is not characteristic of real light; they cannot be calibrated accurately. Finally,
each channel has an individual maximum calibrated charge, typically a few thousand PEs, but no more than 104 PEs,
above which the PMTs are not used. Above ∼104 PEs, corresponding to a ToT of ∼400 ns, prompt afterpulsing in the
PMTs can artificially lengthen the ToT measurement giving a false measurement. Channels are considered available
for reconstruction if they have a live PMT taking data which has not been removed by one of these cuts.
The angular error and the ability to distinguish photon events from hadron events is strongly dependent on the

energy and size of events on the ground. We adopt analysis cuts and an angular resolution description that depends
on this measured size. The data is divided into 9 size bins, B, as outlined in Table 2. The size of the event is defined
as the ratio of the number of PMT hits used by the event reconstruction to the total number of PMTs available for
reconstruction, fhit. This definition allows for relative stability of the binning when PMTs are occasionally taken out
of service.
For this analysis, events are only used if they have more than 6.7% of the available PMTs seeing light. Since typically

1000 PMTs are available, typically a minimum of 70 PMTs is needed for an event. This is substantially higher than
the trigger threshold. The data between the trigger threshold and the threshold for B = 1 in this analysis consists
of real air showers, and techniques to recover these events and lower the energy threshold, beyond what is presented
here, are under study.
Figure 3 shows the distribution of true energies as a function of the B of the events. The distribution of energies

naturally depends heavily on the source itself, both its spectrum and the angle at which it culminates during its transit.
A pure power-law spectrum with a shape of E−2.63 and a declination of 20◦ was assumed for this figure. As B is a
simple variable — containing no correction for zenith angle, impact position, or light level in the event — the energy
distribution of B bins is wide. Section 5.3 discusses planned improvements to this event parameter that will measure
the energy of astrophysical gamma rays better.
Bin B = 9 bears particular attention. It is an “overflow” bin containing events which have between 84% and 100%

of the PMTs in the detector seeing light. Typically, a 10 TeV photon will hit nearly every sensor and the B variable
has no dynamic range above this energy. This limit is not intrinsic to HAWC and variables that utilize the light level
seen in PMTs on the ground, similar to what was used in the original sensitivity study (Abeysekara et al. 2013), have
dynamic range above 100 TeV. These variables, not used in this analysis, will improve the identification of high-energy
events. This is discussed farther in Section 5.3.

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, leaving the resting days to  
obtain the Crab spectra without optimisation. The two spectra differ by 10%, assumed as 
one of the systematics.  
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Figure 12. The figure shows the measured, background-subtracted number of photons from the Crab in each B bin. To get the
total number of photons, the signal from the Crab is fit for each B separately. The measurements are compared to prediction
from simulation assuming the Crab spectrum is at the HAWC measurement. The fitted spectrum is a good description of the
data, with no evidence of bias in the residuals.

4.3. Systematic Errors

Table 3 summarizes the major systematic errors contributing to the measurement of the Crab spectrum with HAWC.
These systematic errors have been investigated by computing the spectrum from the Crab under varying assumptions
to study the stability of the results under perturbation of the assumptions.
For spectral measurements, a systematic error in three quantities is shown: the overall flux, the spectral index

measured and the energy scale. The errors are summed in quadrature to arrive at a total systematic error. In addition
to these systematic errors, a systematic error in the absolute pointing of the instrument has been studied.

4.3.1. Charge Resolution and Relative Quantum Efficiency

The charge resolution is a quantity that captures by how much individual PMT charge measurements can vary, for
fixed input light, and is estimated to be 10-15% from studies using the HAWC calibration system. Additionally, PMTs
vary in their photon detection efficiency by 15–20%. These factors are not simple numbers, but vary for different light
levels in the detector and can change with the arrival time distribution during air showers. Varying these assumptions,
the P and C change and impact the event passing rates, impacting the spectrum.

4.3.2. PMT Absolute Quantum Efficiency

PMTs have an efficiency for converting photons impinging on their surface into PEs detected by the PMT, typically
between 20-30%. Of course a single “efficiency” number vastly simplifies the situation: the efficiency is divided
between the efficiency for producing a PE and the efficiency for collecting a PE, varies across the face of the PMT,
and is wavelength dependent. Additionally, the absorption of the water itself is wavelength dependent. Much of this is
modeled, but the simulation carries uncertainties in the treatment and is difficult to validate. The calibration system,
in particular, cannot yield the absolute PMT efficiency because it requires establishing the efficiency of the calibration
system’s optical path to the PMTs much more precisely than is known. Furthermore, the laser for the calibration
system is green light and must be extrapolated for application to blue Cherenkov light.
Instead, the absolute efficiency is established by selecting vertical muons in HAWC tanks by their timing properties.

Vertical muons are typically minimum ionizing with a relatively constant energy loss. The simulated response to

 The figure shows the measured, background-subtracted number of photons from the 
Crab in each B bin. To get the total number of photons, the signal from the Crab is fit for 
each B separately. The measurements are compared to prediction from simulation 
assuming the Crab spectrum is at the HAWC measurement. The fitted spectrum is a 
good description of the data, with no evidence of bias in the residuals.  
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Figure 10. 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.

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.

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.
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))
MpeBp+Sp(a⃗)

Mp!

#

(6)
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Systematic Overall Flux Spectral Index log10(E)

Charge Resolution/ Relative Quantum
Efficiency

± 20% ± 0.05 < ± 0.1

PMT Absolute Quantum Efficiency ± 15% ± 0.05 < ± 0.1

Time Dependence, PMT Layout and Crab
Optimization

± 10% ± 0.1 < ± 0.1

Angular Resolution ± 20% ± 0.1

Late Light Simulation ± 40% ± 0.15 < ± 0.15

Total Flux ± 50% ± 0.2 < 0.2

Table 3. Summary of primary contributions to HAWC systematic error in measuring photon fluxes. The different effects
are described in the text. Systematics in the overall flux, the spectral index of sources, and the energy scale are shown. The
systematics claims are conservative and are likely to improve with more understanding and better modeling.

0.3◦ absolute pointing error. Furthermore, the Crab location has been reconstructed separately using data from each
of the 9 B bins and they agree to within 0.1◦.
Finally, other bright known sources, the blazars Markarian 421 and Markarian 501, agree with their known locations

to within 0.1◦.

5. DISCUSSION

5.1. Comparison to Other Experiments

Figure 13 shows the Crab spectrum measured with HAWC between 1 and 37 TeV compared to the spectrum
reported by other experiments. It is consistent with prior measurements within the systematic errors of the HAWC
measurement.

Figure 13. Crab photon energy spectrum measured with HAWC and compared to other measurements using other instruments
(Holler et al. 2016; Aleksić et al. 2015; Meagher 2016; Amenomori et al. 2015, 2009; Bartoli et al. 2015) The red band shown
for HAWC is the ensemble of fluxes allowed at 1σ and the best fit is indicated with a dark red line. The light red band indicates
the systematic extremes of the HAWC flux.

Crab photon energy spectrum measured with HAWC and compared to other measurements using other instruments (Holler et al. 2016; 
Aleksi ́c et al. 2015; Meagher 2016; Amenomori et al. 2015, 2009; Bartoli et al. 2015) The red band shown for HAWC is the ensemble of 
fluxes allowed at 1σ and the best fit is indicated with a dark red line. The light red band indicates the systematic extremes of the HAWC 
flux. 
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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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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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