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The γ-ray spectrum
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MeV GeV TeV PeV

CGRO 
COMPTEL

CGRO 
EGRET

OSO-3, SAS-2, COS-B

Fermi γ-ray Space Telescope

Satellites

Atmospheric Cherenkov Telescopes

Extensive Air Shower Arrays 
Water Cherenkov Observatories

γ + CMB → e- + e+

Ground based
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GeV                                              TeV

Pair production telescopes 
0.1 - 100 GeV 

Space based: small effective area 
Background free 

Large f.o.v. and high duty cycle 

All sky survey & monitoring 
Transients (AGN, GRB) 

Diffuse emission

Extensive air-shower arrays 
100 GeV - 100 TeV 

Good background rejection 
Large f.o.v. and high duty cycle 

Partial sky survey & monitoring 
Extended sources 

Transients (AGN, GRB) 
Highest energies

Atmospheric Cherenkov Telescopes 
50 GeV - 100 TeV 

Large effective area 
Excellent background rejection 
Small f.o.v. and low duty cycle 

Detailed study of known sources 
Deep surveys of limited regions 

High resolution spectra
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Pair production telescopes 
0.1 - 100 GeV 

Small effective area 
Perfect CR background rejection 
Large field of view & duty cycle 

Sky surveys & monitoring 
Transients (AGN, GRB) 

Extended diffuse emission

Air shower arrays 
100 GeV - 100 TeV 
Large effective area 

Good CR background rejection 
Large field of view & duty cycle 

Sky surveys & monitoring 
Transients (AGN, GRB) 

Extended sources 
The highest energies

Atmospheric Cherenkov telescopes 
30 GeV - 30 TeV 

Large effective area 
Excellent CR background rejection 
Limited field of view & duty cycle 

High sensitivity  

Detailed studies of known sources 
Deep surveys of limited regions 

High resolution spectra

FoV

E

Sr 

Deg

GeV                                              TeV



HAWC @ GH 2018

HAWC science
• Cosmic ray studies between 1 TeV and 1 PeV 

• Sky survey at TeV energies 

• Monitoring of TeV γ ray transients 

• Study Galactic sources of γ rays (hence of cosmic rays) 

• Study extragalactic sources of γ rays: blazars, GRBs 

• Multiwavelength studies (Fermi, Swift, ….) 

• Multimessenger follow ups: neutrinos and GW 

• Searches: dark matter sources; primordial black holes
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How HAWC works
• The first layer of the HAWC detector is the atmosphere, 

where cosmic particles and photons of TeV energies produce 
showers of secondary particles. 

• The HAWC size and compact detector design are optimized 
to study TeV photons at the atmospheric depth corresponding 
to an altitude of about 4000m. 

• Water allows the detection of secondary particles through the 
production of Cherenkov light which is registered with PMTs. 

• Simulations of these processes in the atmosphere and in the 
instrument are mandatory to predict and assess the 
performance of the experiment.
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Atmospheric particle cascades
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Air shower arrays
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The atmosphere is 
part of the detector
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Air shower arrays as  
γ-ray observatories

High altitude air shower arrays are well-suited to measure γ rays. 
They are ideal for surveying and monitoring large regions of the sky.
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Fermi 
AGILE 
EGRET 

HAWC 
ARGO 
Milagro  

VERITAS 
HESS 
MAGIC 
FACT 

Complementarity of Gamma-Ray Observatories

5	

Wide-field	
Con-nuous	Opera-on		

TeV	Sensi-vity	Tibet AS-γ
1990-present

ARGO
2007-2014

Milagro
2000-2008

HAWC

2013 - present
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Pico de Orizaba 
“Citlaltepetl” 

5610m
Sierra Negra 
“Tliltepetl” 

4582m

Latitude 19ºN, Longitude = 97ºW.
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The HAWC γ-ray observatory
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The WCDs
• HAWC is formed by 300 water 

Cherenkov detectors. 

• Each WCD consists of a tank of 
7.2m diameter and 4.5m height, 
containing 180,000 liters of water 
in deep darkness. 

• Each detector has four PMTs to 
register Cherenkov light: three of 
8” and one 10”.  

• Water is filtered for transparency 
and to avoid scattering.
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HAWC registers more than 20,000 cosmic rays per second, 
generating 2 Terabytes of data per day - every day.
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Timing
The front of particles 
takes about 20 nano-
seconds to go from one 
tank to next. 

Measuring the relative 
arrival times with 
precision allows 
determining the direction 
of the primary particle. 

HAWC times showers 
with sub-ns residuals.
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0.3 μs
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Cosmic rays: the Moon shadow
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• Early pointing verification. 
• Position and depth of the Moon 

depend on detector response and 
geomagnetic field. 

• Search of antiprotons. Abeysekara et al. (2018) Phys Rev D 97, 102005
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Charge 
deposition

• Light pulses are recorded 
on each PMT, allowing for: 
- Energy estimation. 
- γ/hadron discrimination. 

• Once the core of the 
shower is located, the 
radial distribution of 
particles is fitted with 
standard shower models 
(NKG) and Monte-carlo 
simulations of HAWC 
response.
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Physical Review D - Dec 2017
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E

Hadrons

γ rays
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507d

Abeysekara et al. (2017) ApJ 843:39

(TS)1/2 = 105
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1128d
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The Crab Nebula
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(TS)1/2 = 105

500 GeV

8 TeV

The 507 day data in 
Abeysekara et al. (2017)

(TS)1/2 = 105

507d
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The 2HWC catalog
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Abeysekara et al. (2017) ApJ 843:40
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2HWC catalog
• 507 days of data, declination range −20º a +60º. 

• Maximum likelihood analysis with fixed spectral model: 

- point source: dN/dE = K (E/7 TeV)−2.7 

- extended source: index= −2.0. 

• The 2HWC catalog contains 39 sources, 19 of which 
were not previously reported at TeV energies.
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Abeysekara et al. (2017) ApJ 843:40
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The sky at TeV photon energies

Galactic Plane

Active galactic nuclei
Mrk 421 y Mrk 501

Galactic anticenter:
Crab Nebula
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The Crab Nebula

Chandra - X rays HST - optical

Hester et al. (1995) 
Weisskopf et al. (2000)



Pulsar  
Wind 

Nebulae
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The positron CR excess
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Yuksel, Klister, Stanev (2009)

• Pulsars are efficient 
e+e− factories. 

• But e± don’t travel 
well…. 

• e± could also be 
produced by dark 
matter.
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Geminga Monogem - B0656+14

HAWC, Science 358, 911 (2017)
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Abeysekara et al. (2017), Science 358, 911.

The positron excess cannot be explained 
with the most energetic nearby pulsars
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And another one…!
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The Galactic Plane
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G
alactic Plane (1 st Q

)
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The Galactic Plane

Supernovae remnants were proposed in 
the 1950s as the sources of Galactic 
cosmic rays by Enrico Fermi and others. 

➡ shocks produce high energy 
particles with power law spectra
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Cassiopea A in X rays 
(Chandra X-ray Observatory)
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The spiral 
structure of the 

Galaxy
HAWC sees star formation 
occurs in the spiral arms; in 

particular high mass star 
formation. 
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Extragalactic sources 

• Two bright BL Lac objects • And the cosmic fog….
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Active galactic nuclei
Mrk 421 y Mrk 501
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From the 2HWC
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Mrk 421 & Mrk 501
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1 year
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HAWC monitoring alerts
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A limited γ-ray horizon! 
TeV γ rays suffer 
pair production 

with the 
extragalactic 

background light 
(EBL): 
γ γ → e−e+ 

The mean free 
path at 1 TeV 
corresponds to       

z ≲ 0.1
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Domínguez et al. (2013)

1 TeV

300 GeV

8 TeV
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The γ-ray sky to the limit 

To 100 TeV and beyond!
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Work on event by event 
energy estimators
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The Galactic Plane above 56 TeV

First maps of the Galactic Plane at these energies! 
• Six sources in the E>56 TeV Galactic Plane. 
• Two sources in the E>100 TeV Galactic Plane. 

All six coincident with 2HWC Catalog sources (7 TeV). 

PeV hadronic accelerators would emit neutrinos (IceCube - Halzen et al. 2017).

"47

E> 56 TeV

E> 100 TeV
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Multi-wavelength 
synergies

Multi-messenger  
synergies
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HAWC follow-ups
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GRB 160509A

IceCube et al., A&A 607, 115 (2017)



HAWC @ GH 2018 "50

IceCube et al., Science 361, 1378 (2018)

290 TeV
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IceCube 170922-A 
• Position consistent with the 

Fermi (3FHL) BL Lac   TXS 
0506+056. 

- redshift z=0.3365 from GTC 

• Not in HAWC FoV at the time 
of the ν-event; UL determined 
from prior and posterior transits. 

• Analysis of archival HAWC and 
IceCube contemporaneous data 
coming out soon.
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IceCube et al., Science 361, 1378 (2018)
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GW follow ups
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2HWC Catalog maps are public!
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HAWC expansion

Sparse array of 350 small WCDs around HAWC now 
extending its effective area above 10 TeV to 100,000 m2.
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