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Sky Maps at different Waveleghts
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Fermi γ-ray Space Telescope

Satellites On Earth

Air Čerenkov telescopes
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The Gamma-Ray Sky (TeV / GeV)



FγRST Operation
1 sky survey every 3 hours

WČO Operation
1 partial sky survey evry 24 horas

Milagro = 55%; HAWC = 66%



1FGL Catalog1FGL Catalog

Extragalactic = 658Extragalactic = 658

Bl Lac 292

FSRQ 278

AGN no blazar 25

AGN incierto 59

Galaxia starburst 2

Galaxia normal 2

Galactic = 85Galactic = 85

Pulsars 52

SNR 4

snr, pwn, psr 18

Globular Cluster 8

XRB 2

µ-cuasar 1

No association= 708No association= 708

Normal galaxies Starburst galaxies Radio galaxies Seyferts FSRQ Bl Lac

MW
LMC
SMC
M31

M82,
NGC 253

 
NGC 4945 (Sb or 

Sy 2?)

M87, Cen A, 
NGC1275, 

NGC1218, NGC 
6251

PMN J0948+0022,
PKS 1502+036, 
PKS 2004-447, 

NGC 6951

Classical EGRETs, 
3C 454.3

EGRETs and TeV 
sources

SF cosmic rays 
interacting with 

ISM matter

Larger SF than 
normal galaxies, no 
variability found. 

Weak AGN in M82?

Variable, particle 
acceleration in mild 

jet, misaligned 
AGN

Narrow line Sy1
Sy 2 LINER 

Seyferts
Maybe radio quiet 

Highly variable, 
acceleration in 
relativistic jet

Steeper γ spectrum, 
highly variable, 
acceleration in 
relativistic jet

Accelerator power: SFR / Jet / AGN

11 months Fermi movie of N. Galactic hemisphere



OUTLINE

• THE GAMMA RAY UNIVERSE

•THE EARTH ATMOSPHERE AS DETECTOR

• CERENKOV RADIATION

• THE “WATER CERENKOV TECHNIQUE”

• THE HAWC PROJECT 



Electromagnetic (EM)

EM
(Soft)

Hadronic 
(Hard) Neutron

THE EARTH ATMOSPHERE AS DETECTOR: PARTICLES AIR SHOWER



Atmospheric cascades 

From http://www.ast.leeds.ac.uk/~fs/photon-showers.html  

Fixed first interaction elevation: 30km 

HAWC elevation: 4.1km 
1 TeV

 gam
m

a-ray show
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Prior to shower maximum:  

•  Exponential growth in particle. 

•  Energy --> particle creation 
(pair,brems.) 

After shower maximum: 

•  Exponential decay in particle number. 

•  Particle energies fall below ECritical         
(!Compton > !Pair). 

•  Particle spectrum is independent of 
elevation. 

•  Energy deposited in atmosphere 
through ionization. 

•  For a 1 TeV shower, 100 GeV reaches 
HAWC observation level. 

10km 
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   Frank-Tamm Theory (1937; Nobel in 1958):

Cherenkov Radiation

   Frank-Tamm Theory (1937; Nobel in 1958):



HESS Galactic Plane Survey (Air)
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THE “WATER CERENKOV TECHNIQUE”

http://apcauger.in2p3.fr/Public/Presentation/
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energy loss of e and 
photons when interacts 
with matter  (gr cm-2)



• MILAGRO: The First Water Cerenkov Gamma Ray Observatory 

• Los Alamos National Laboratory, NM, at 2650m   (1999 to 2008)



723 PMTs





Crab 
Nebula 

Mrk 421 

•  6.5 year data set (July 2000-January 2007) 
•  Crab nebula 15 !"
•  Galactic plane clearly visible 

Cygnus  
Region 

Milagro half-sky map
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THE HAWC PROJECT 100 GeV and 100 TeV 

Exposed to half of the sky: 24-hour 
FOV: 15% of the sky.

Effective Area: 22,000 m2
Water per tank: 200,000 liters
PMT: Hamamatsu R5912 20 cm





HAWC   TIME SCALE  AND FUNDING 



TextoTexto

HAWC 
vs.

Milagro



Water:   
n!1.33   
" #mec2! 0.775 MeV 
" $c = cos(1/n) = 41º 

Air:   
n!1+3"10-4   
# $mec2!21 MeV 
# %c = cos(1/n) = 1.4º 

Because the Cherenkov cone in 
water is so large, nearly every 
charged particle that enters the 
tank should be observed by at 
least one of the four PMTs

THE HAWC ARRAY LAYOUT AND TANKS 



 Simulated HAWC event display of gamma-ray (top) and cosmic-ray (bottom) air shower events. Each panel shows the positions of 
PMTs and hits for an event, where the hits are color coded according to the ratio of total number of hits in the event to the number 
of photoelectrons in the given hit. Red coloring indicates hits with a larger fraction of the total event charge. A circle with a 40 m 
radius is drawn, centered on the position of the shower core. Colors: How hard a channel was hit in the photoelectrons (PE) scaled 
to the number of hit channels in the ful event

The reconstruction algorithm identifies the PMT with the highest measured 
number of PEs at a radial distance of at least 40  m from the reconstructed 
core. This number is denoted CxPE40 .



HAWC PERFORMANCE: G/H cont.
 The optimal value on which to cut S 
(separator)  is determined by 
maximizing the signal to noise ratio 
for a given range of N hit values 
while keeping at least 50% of the 
gamma rays.

Events with S  above the optimal 
value are treated as gamma rays 
while those below are treated as 
hadrons. 

The Figure shows the resulting 
efficiency for hadrons to pass the 
optimized cut on S  for a given 
energy. 

As the energy increases the efficacy 
of the cut improves, eliminating an 
increasing fraction of hadrons from 
observations.Given a fixed N hit, a large value of S  implies a more gamma–

like shower, while a smaller S  is considered to be more 
hadron–like.



 

PSF68% is the 68th percentile of the distribution 
of opening angles between the true and 
reconstructed directions of simulated events. 

The optimal bin size describes the angular scale 
on which the signal to noise ratio is maximized 
for a given source and background. Here an 
object with a Crab–like spectrum transiting at 
30◦ from zenith is assumed for the source.

The angular resolution of the HAWC observatory 
is about 0.1° for energies >10 TeV (0.35° E ~ 1 
TeV). It improves with energy because the 
number of triggers increases with energy, in turn 
increasing the information available to the 
shower track fit. This resolution is a tremendous 
improvement over the Milagro detector, in which 
the best angular resolution was about 0.5°.

The optimal bin size falls below 1◦ at ~500 GeV 
while Milagro attained a similar angular 
resoluction only for showers ~3 TeV 

HAWC PERFORMANCE: Angular Resolution

 The angular resolution of HAWC is a significant 
improvement over that of Milagro. This is 
primarily due to its larger deep–water area and 
the optical isolation of the detectors, which will 
improve the accuracy of the reconstruction of the 
air-shower frony

The angular resolution is defined as the typical error 
made when reconstructing the arrival direction of an 
air shower. 



The number of PEs recorder by the WCD is a good 
estimator of the enrgy of the EM shower at ground 
level. The signal can be converted to an estimate of 
the energy of the primary particle.

The energy resolution refers to the typical error 
made when estimating the energy of the primary 
particle which initiated an air shower. A small 
energy resolution is an advantage because it allows 
for an unbiased estimate of the energy spectra of 
observed sources.

HAWC PERFORMANCE:  Energy Resolution

The expected energy resolution of HAWC has been 
calculated with simulated events. Above 10 TeV the 
energy resolution is below 50% — i.e., the energy of 
the particles observed above this threshold will by 
reconstructed to within 50% of the true energy. 
This is a major improvement over the energy 
resolution of Milagro, which was >100% for nearly 
all energies.

 The Figure shows the energy resolution for 
gamma–ray induced air showers arriving 
well within the instrumented area of the 
detector and less than 45◦  from zenith for 
both HAWC and Milagro.

Resulting resolution of the primary gamma–
ray  energy is about 100 % below 2  TeV and 
falls gradually with increasing energy



ACTs typically observe sources 
for < 50 hours, and survey 
observations last for about 10 
hours. At energies above roughly 
6 TeV, the HAWC single-year 
sensitivity is better than the 
sensitivity of 50 hours of 
observation of a single source 
with VERITAS or HESS. 

An IACT can only spend up to 
about 200 hours per year 
observing a single interesting 
source due to ambient light and 
weather.  Above 10 TeV, the 
sensitivity of HAWC is better 
than the current generation of 
IACTs.

HAWC PERFORMANCE; SENSITIVITY
Because the flux of gamma rays from all sources drops rapidly as a 
function of energy, observations of sources require a large effective 
area and long integration times, especially if the goal is to observe 
gamma rays above 10 TeV.

10 TeV is an important threshold because gamma-ray emission due to electron scattering of low-energy photons 
is expected to become inefficient at  high energies. Sources with hard spectra above 10 TeV could the best 
candidates for acceleration of protons and other cosmic ray particles. With HAWC differentiate a hadronic 
gamma-ray spectrum from a leptonic spectrum with an exponential cutoff at  40 TeV is possible. HAWC is able to 
measure 20 gamma rays above 100 TeV from a source with a spectral index of -2.3 and 20% of the flux of the Crab



HAWC PERFORMANCE; EFFECTIVE AREA

 Obtained by selecting events with more than 70 PMTs 
hit and by insisting that events are well-reconstructed 
and within the optimal analysis bin of a source of a 
hypothetical source.



HAWC Science Objectives

 One of the primary goals of HAWC is to identify new TeV gamma-ray sources and 
extend measurements of known sources to higher energies



HAWC - GRBs 

•  Relevamiento diario de 
2/3 de cielo E>TeV 

•  Expectativa de detección 
de GRBs en TeV 

Active Galactic Nuclei 
•  Open questions  

–  Protons or electrons? 
–  Plasma Bulk Lorentz factor? 
–  B-field? 
–  Location of !-ray production? 
–  Acceleration mechanism? 

•  HAWC observations 
–  Flares from known TeV AGN 
–  New TeV AGN 
–  Spectra > 1 TeV 
–  Multiwavelength Observations 

with other wide field 
observatories & rapid notification 

•  HAWC science 
–  Average Flux & Spectra 
–  Duty Cycle 
–  Unbiased Survey 
–  Constraints on Extragalactic 

Background Light (EBL)  
http://www.mpifr-bonn.mpg.de/div/vlbi/ckp08/images/AGN/jet.gif



AGN Monitoring 
•  HAWC will obtain duty factors and notify multiwavelength observers of 

flaring AGN in real time. 
•  All sources within ~ 3! sr would be observed every day for ~ 5 hrs. 
•  HAWC’s continuous observations would not have gaps due to weather, 

moon, or solar constraints.  
• HAWC’s 5 " sensitivity is (10,1,0.1) Crab in (3 min, 5 hrs, 1/3 yr) 

http://www.mpifr-bonn.mpg.de/div/vlbi/ckp08/images/AGN/jet.gif http://lecospa.ntu.edu.tw/upload/pnews/news20090410_03.jpg



Submitted to Astroparticle Physics (astro-ph/1108.6034 )

 The HAWC Observatory has promising potential in the study of > 30 GeV emission by GRBs. 
Approximately ~ 40 GRBs/yr will be simultaneously in the field of view of HAWC.



Synergy with Fermi-Lat: many GeV emitters could be TeV emitters:  Many TeV sources 
have yet to be discovered

Undetection of  MGRO J2019+37 by IACTs: finite spatial extent? or hard spectral Index 
pushing into energies where HAWC has much better sensitivity?

The CRAB as standard candle in the TeV regime

A local hadronic cosmic ray accelerator (difuse excess of TeV in Cygnus )

VAMOS RESULTS ON END 2012

Starting of  HAWC 30



Verification and Assessment Measuring of Observatory 
Subsystems (VAMOS) TEST ARRAY

VAMOS

VAMOS





THE SITE

END OF 2011
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