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Instituto Nacional de 
Astrofísica,  

Óptica y Electrónica
• The Observatorio Astrofísico Nacional de 

Tonantzintla (OAN-Ton), Puebla, was founded 
in 1942 by Luis Enrique Erro.  

• Tonantzintla was the site of the discovery of 
HH objects (& Ton blue galaxies, flare 
stars…). 

• In 1971 Guillermo Haro transformed the 
OAN-Ton into INAOE. 

• INAOE was created with the project of 
establishing the Cananea observatory - today 
Observatorio Astrofísico Guillermo Haro, 
operational since 1988.
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44 years of research in astrophysics, optics,   
electronics and computing for Mexico
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Gran Telescopio Milimétrico Alfonso Serrano
• The Large Millimeter Telescope 

Alfonso Serrano (LM/GTM). 

• Twenty year collaboration between 
INAOE and UMASS, Amherst, to 
construct and operate the largest 
single dish mm telescope in the 
world: 50m antenna for observations 
in the 0.8 - 4.0 mm band. 

• Installed at the top of Sierra Negra at 
4593m. 

• Operational since May 2013 with a 
functional aperture of 32m. 

• On track for 50m operations in 
2016.
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Pico de Orizaba 
“Citlaltepetl” 

5610m (18,400 ft)
Sierra Negra 
“Tliltepetl” 

4582m (15,000 ft)

Latitude 19ºN, Longitude = 97ºW. 
In the Mexican state of Puebla, 
2hr drive East of Mexico City.
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And now HAWC!
The High Altitude Water Čerenkov γ-ray observatory 

Wide field of view & high duty cycle γ-ray observatory 
to perform astrophysics in the 100 GeV - 100 TeV range.
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The γ-ray band

13

MeV GeV TeV PeV

CGRO 
COMPTEL

CGRO 
EGRET

OSO-3, SAS-2, COS-B

Fermi γ-ray Space Telescope

Satellites Gound based

Air Čerenkov telescopes

Extensive air shower arrays 
Water Čerenkov

γ + CMB → e- + e+
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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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Several Fermi catalogs already published: 

- 0 FGL, 1FGL, 2FGL, 3FGL (100 MeV-300 GeV) 

- 1 PSR & 2 PSR 

- 1 LAC, 2LAC & 3LAC 

- 1 FHL (>10 GeV) & 2 FHL (>50 GeV)

Fermi-LAT



17



XV Mexican Workshop DPyC-SMF - nov 2015  

LAT catalogs: 
demographics
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3FGL (0.1 - 300 GeV) :: 3033 sources

none
33%

PSR / psr
6% BCU / bcu

19%

BZQ / bzq
16%

BZB / bzb
22%

BZB / bzb
BZQ / bzq
BCU / bcu
AGN / agn
CSS / css
SSRQ / ssrq
RDG / rdg
SEY / sey
NLSY1 / nlsy1
SBG / sbg
GAL / gal
PSR / psr
SNR / snr
PWN / pwn
spp
GLC / glc
HMB / hmb
BIN / bin
NOV / nov
SFR / sfr
none

1FHL (E>10 GeV) : 514 sources

none
13%

HPSR
4%

AGU / agu
11%

BZQ / bzq
14%

BZB / bzb
50%

BZB / bzb
BZQ / bzq
AGU / agu
RDG / rdg
GAL / gal
HPSR
PSR / psr
SNR / snr
PWN / pwn
spp
HMB / hmb
SFR / sfr
LVB / lvb
none

2FHL (50 GeV) :: 360 sources

none
13%

4%

4%

bcu III
5%

bcu II
9%

fsrq
3%

bll-g
4%

bll
50%

bll
bll-g
fsrq
bcu I
bcu II
bcu III
rdg
rdg / gll
agn
gal
galclu
psr
snr
pwn
spp
hmb
sfr
bin
none



Atmospheric Cherenkov Telescopes
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2FHL and TeVCat
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TeVCat (Nov 2015) - 175 
sources

UNID
19%

SNR/MC
6%

Shell
7%

PWN
20%

IBL
5%

HBL
26%

HBL
IBL
blz
fsrq
RDG
SBG
SBu
PSR
PWN
Shell
csnr
dark
GC
MSC
SNR/MC
Bin
UNID

2FHL (50 GeV) :: 360 sources

none
13%

4%

4%

bcu III
5%

bcu II
9%

fsrq
3% bll-g

4%

bll
50%

bll
bll-g
fsrq
bcu I
bcu II
bcu III
rdg
rdg / gll
agn
gal
galclu
psr
snr
pwn
spp
hmb
sfr
bin
none
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The HESS Galactic plane survey
Galactic latitudes |b|<4º 
and longitudes from 250º 
to 70º (i.e. ∆l = 180º)          
⟹ ∆Ω = 0.45 sr

21

ICRC 2013 - 1307.4690
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γ-ray observatories: air shower arrays

Ideal to monitor and map sizable portions of the sky. 
They can perform unbiased partial sky surveys

23

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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The Milagro Water Cherenkov Observatory

24

First water Cherenkov gamma-ray observatory. 

Located in New Mexico: altitude 2650m & latitude 36ºN. 

Median energy = 40 TeV. 

Operational between 1999 and 2008.
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Fermi BSL
Geminga & IC 433

MGRO J1908+06 Cygnus

Mrk 421
Crab

Milagro half-sky map

GeV PSR => TeV PWNe



XV Mexican Workshop DPyC-SMF - nov 2015  27

The High Altitude Water Cherenkov detector 
Second generation WC γ-ray observatory - built from MILAGRO experience. 

To be located above 4000m                [Sierra Negra: 4100m and latitude 19ºN]. 
-   4 × larger dense sampling region (22,000m2) 
- 10 × larger muon detection area (22,000m2) 
- Optical isolation of detector elements 
- 15 × more sensitive than Milagro 

Energy range 100 GeV - 100 TeV  :: also cosmic-ray detector. 

FOV: 1/6 of the sky instantaneous => scans 2/3 of the sky each sidereal day.
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The atmosphere is part of the detector
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Performance
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Differential sensitivity

30

20	

Differential Sensitivity per Quarter Decade of Energy!
Differen*al	Sensi*vity	

20	

http://arxiv.org/abs/1306.5800 Astroparticle Physics 2013
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Sensitivity & Field of View
Transit instrument 

FOV = 1.8 Sr 

HAWC to scan 2/3 of the 
celestial sphere every 
sidereal day to a depth      
of 1 Crab @ 5σ: 

➡ transient events 

➡ extended diffuse sources 

➡ 60 mCrab / sqrt(year)

31
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HAWC science 
• Partial all-sky mapping: 

- deep mapping of 2/3 of the sky and of 2/3 Galactic plane. 

- Cosmic-ray anisotropies. 

• γ-ray transient sources: AGNs, GRBs, PBHs, Galactic transients, Galactic Center. 

• Mapping and characterizing extended γ-ray sources: SNR, PWN, diffuse. 

• Solar events; dark matter searches. 

• Multiwavelength & multimessenger synergies.
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4600m (15,000 ft)

4100m (13,450 ft)



HAWC construction

36
February 2012 to December 2015
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Water Cherenkov Detectors
• Each WCD is filled with 180,000 

liters of water. 

• Water is treated to ensure maximum 
transparency. 

• Each WCD has 3(8”) + 1(10”) PMT:  
fast response and good QE to 
Cherenkov light (blue to UV). 

• Optical fiber for calibration. 

• Every WCD is connected to the 
central counting house.

39
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HAWC-100  
Sept 2013
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HAWC-100  
Sept 2013

HAWC Utility Building 
- Water filtration 
- Bladder testing
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HAWC-100  
Sept 2013

Counting house 
- DAQ & laser calibration  
- system

HAWC Utility Building 
- Water filtration 
- Bladder testing
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The relative timing of 
signals allows to 
determine the arrival 
direction of primary 
particles in the sky.

44

Timing
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Timing
Tank spacing is 25 to 
50 light-ns. 

Arrival times are fitted 
to a curved shower 
front ⟹ timing 
residuals below 1ns.

45
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Energy deposition
• Record of individual 

pulses of light for each 
PMT: 

- Energy estimation. 

- γ/hadron discrimination. 

• Must locate shower core 
and model energy deposits 
according to standard 
shower models (NKG) and 
simulations of the response 
of HAWC.

46
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γ / hadron discrimination

47

E

Hadron

γ-ray
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HAWC - 19 March 2015
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HAWC phases

51

VAMOS October 2011 Scientific verification

HAWC 30 September 2012 Early science data

HAWC 111 August 2013 Beginning of formal science 
operations

HAWC 250 November 2014 Upgrade to quasi-full detector

HAWC 300 March 2015 Inauguration and beginning of 
full operations
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HAWC data • HAWC triggers at 20kHz on air 
showers, mainly cosmic-rays. 

- Data rate: 20MB/s = 1.7TB/day 
= 700 TB/year. 

• HAWC data centers at ICN-
UNAM and UMD. 

• To reconstruct and analyze data in 
real time (seconds after trigger) 
requires 200 cores. 

• As calibration and reconstruction 
improve, data are reprocessed with 
revised version of the analysis 
software [“Pass 4”].

52

Data set Span Crab signal

HAWC 
111 283 days 1.4σ / √day

HAWC  
Pass 3 200 days 3.1σ / √day

HAWC  
Pass 4 > 1 year >  5σ / √day
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HAWC: cosmic rays 
- Moon shadow

• HAWC-95 and HAWC-111 

• 12 June 2013 to 8 July 2014 

• Full runs = contiguous 24hrs: 
- 181 days (4332 hours) 
- 85.6 × 109 events 

• Median energy: 2 TeV 

• Potential for e± flux 
measurements above 1 TeV.

53

Abeysekara et al.  
ApJ 796, 108 (2014) 
astro-ph/1408.4085
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HAWC: cosmic rays - anisotropies

54

Plot by Dan Fiorino
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The Crab

55
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• Brightest quasar in the night sky. 

• Nearby Bl Lac at z = 0.03. 

• First extragalactic TeV source 
(Punch et al. 1992). 

• Detected by Milagro.

56

Animations and light curves by Robert Lauer

Mrk 421
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Mrk 501
• Nearby Bl Lac at z = 0.033. 

• Highly variable TeV emission, 
with short timescales         
(Quinn et al. 1996). 

• Marginal detection             with 
Milagro.

57

Animations and light curves by Robert Lauer
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AGN & EBL
• HAWC to provide 

insight on AGN physics. 

• HAWC limited to z≲0.3 
horizon due to  γγ→ee 
interaction of γ-rays 
with the extragalactic 
background light. 

• Axions can provide an 
explanation to TeV 
detections beyond EBL.

58

1FHL extragalactic sources potentially detectable with 

1FHL Association Type z Γ σ / √yr 

J0035.9+5950 1ES 0033+595 bzb 0.086 1.74 ± 0.18 6.02

J0152.6+0148 PMN J0152+0146 bzb 0.080 1.77 ± 0.34 4.85

J0316.6+4119 IC 310 rdg 0.019 1.31 ± 0.45 13.16

J0521.7+2113 VER J0521+211 bzb 0.108 1.97 ± 0.14 3.02

J0650.8+2504 1ES 0647+250 bzb 0.203 1.56 ± 0.18 10.25

J0816.3-1310 PMN J0816-1311 bzb 0.046 2.06 ± 0.27 3.19

J1104.4+3812 Mkn 421 bzb 0.031 1.91 ± 0.06 6.23

J1230.8+1224 M 87 rdg 0.004 1.25 ± 0.50 20

J1653.9+3945 Mkn 501 bzb 0.034 1.86 ± 0.10 5.30

J1728.3+5014 I Zw 187 bzb 0.055 1.67 ± 0.34 3.85

J2322.5+3436 TXS 2320+343 bzb 0.098 1.51 ± 0.32 9.68

J2347.0+5142 1ES 2344.514 bzb 0.044 1.48 ± 0.18 5.14

HAWC AGN/EBL sample by Sara Coutiño
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Gamma-Ray Bursts
• GRB 130427A: one of the brightest 

and most energetic GRBs detected: 

- Bright optical counterpart: 
magnitude 7.4  and z=0.34.  

- Highest energy photon detected in 
any GRB: 95 GeV. 

• Main HAWC DAQ not running at the 
time of burst. 

• Zenith angle (57º) was too large for a 
HAWC detection. 

59

Fermi-LAT

HAWC - 20 May 2013
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Gamma-Ray Bursts

60

GRB 130427A 
Abeysekara et al., ApJ 800, 78 (2015)

Kathryne Sparks Woodle 
APS 2015 presentation

z=0.145
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HAWC-111 on the Galactic Plane

61

Abeysekara et al. arxiv: 1509.05401 - submitted to ApJ

• Dedicated point source 
analysis on Galactic 
region: +15º < l < +50º     
and |b|< 4º. 

• Ten sources / candidate 
sources found; eight 
associations with 
known TeV sources.
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HAWC  
γ-ray skymap

62

Plots by Colas Rivière
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Primordial Black Holes
• Originated by density 

fluctuations in the very 
early Universe: 

- Collapse of cosmic loops. 

- Bubble collisions. 

- Collapse of domain walls.

63

• Potential probes of: 
- PBHs affect early Universe 

processes. 

- viable dark matter candidates. 

- high energy physics: 
contributions to γ-ray 
background among other. 

- quantum gravity: evaporation 
process.

Carr (2005) 
Carr et al. (2010)
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Primordial Black Holes
• BH radiate thermally with a 

temperature (Hawking 1974): 

• Evaporation occurs in time scale: 

• PBHs smaller than 1015g should 
have evaporated by now. 

• PBH evaporation limits on multiple 
time scales set with Milagro (Abdo 
et al. 2015). 

• HAWC will set the most stringent 
upper limits for burst lasting 1ms - 
100s and emitting in the TeV range.

64

HAWC PBH expectations by Tilan Ukwatta 
ICRC-0708  (2015)
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Multi-wavelength 
synergies

Multi-messenger 
synergies
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PING : Parameter for Identification 
of Nuclear Cosmic Rays 

Reject > 99.9% hadronic background 
while retaining >50% of γ-rays 

Angular resolution for large       
events ~0.15º 

68% containment = 0.24º 
Achieving proposed resolution 

“Pass 4” preview

67
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“Pass 4” preview

68

“Pass	4”	Preview:	Data	from	the	Crab	

Pass	3	
3.1σ/sqrt(day)	

Pass	4	
5.5σ/sqrt(day)	

Pass4	-80σ	on	the	Crab	in	211	days	
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HAWC 
outriggers

• Proposal for a sparse outrigger 
array to improve the sensitivity 
beyond 10 TeV ⟹ up to a factor 
of 4 in effective area. 

• About 300 WCDs of 2,500 liters. 

• Accurate core determination for 
showers off the main array. 

• Funding by LANL and Mexico.

69
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Connectivity
• A 13km optical fibre connects 

Sierra Negra with Atzitzintla 
and 25 km additional connect 
to Ciudad Serdán.  

• Current connectivity reaches  
only 3Mbps / 10 Mbps, limiting 
current science operations. 

• Since 2012, INAOE has sought 
a single fibre connection from 
Sierra Negra to Tonantzintla.

70
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El anillo 
metropolitano de 

fibra óptica
• Fol lowing-up f rom the 

original INAOE fibre project, 
INAOE and BUAP have 
teamed to implement a more 
robust Internet connection, 
with the support of CUDI. 

• The plan represents one of 
the first metropolitan fibre 
systems in Mexico. 

• The agreement was signed by 
INAOE director and BUAP 
rector on 30th October.

71

h"p://www.cudi.edu.mx/no1cia/puebla-primeros-anillos-de-fibra-op1ca	
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The optical fibre

72
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