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Optica y Electrénica

The Observatorio Astrofisico 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 Astrofisico Guillermo Haro,
operational since 1988.
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The Large Millimeter Telescope
Alfonso Serrano (LM/GTM).

Twenty year collaboration
between INAOE and UMASS,
Ambherst, to construct and
operate the largest single dish
mm telescope 1n the world: a

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.
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Pico de Orizaba |
“Citlaltepetl” |
5610m (18,400 ft
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Latitude 19°N, Longitude = 97°W.
In the Mexican state of Puebla
2hr drive East of Mexico City



And now HAWC! o
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The High Altitude Water Cerenkov y-ray observatory
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Wide field of view & high duty cycle y-ray observatory to
investigate the 100 GeV - 100 TeV energy range.
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¢ The HAWC Collaboration =

Gamma-Ray Observtory ; b
Mexico . United States
Instituto Nacional de Astrofisica, Optica y Electrénica | (INAOE) | University of Maryland | (UMD)
Universidad Nacional Auténoma de México | Los Alamos National Laboratory | (LANL)
"""" Instituto de Astronomia UNAM . (IA-UNAM) Colorado State University | (CSU)
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" nstituto de Fisica UNAM (IF-UNAM) | Georgia Institute of Technology | (GATECH)
"""" Instituto de Geofisica UNAM | (IG-UNAM) | Michigan State University | (MSU)
Benemérita Universidad Autonoma de Puebla | (BUAP)  :Michigan Technological University | (MTU)
Instituto Politécnico Nacional &+ | Pennsylvania State University | (PSU)
"""" Centro de Investigacion y Estudios Avanzados | (CINVESTAV) .| NASAGSFC
"""" Centro de Investigacion en Computo - IPN | (CIC-IPN) | University of California Santa Cruz | (UCSC)
Universidad Auténoma de Chiapas | (UNACH) University of California Irvine | 1 ucn
Universidad Autonoma del Estado de Hidalgo | (UAEH)  University of New Hampshire = (UNH)
Universidad de Guadalajara | (UdG) | University of New Mexico | (UNM)
Universidad Michoacana de San Nicolés de Hidalgo | (UMSNH) University of Rochester | (UR)
Universidad Politécnica de Pachuea | (UPP)  iUniversityof Uah | uu)
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" University of Wisconsin | (UW)
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The y-ray band

0SO-3, SAS-2, COS-B Air Cerenkov telescopes

CGRO CGRO Air shower arrays
COMPTEL EGRET Water Cerenkov

Fermi y-ray Space Telescope
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Pair production telescopes 5 Extensive air-shower arrays
0.1 -100 GeV 100 GeV - 100 TeV
Space based: small effective area Good background rejection

g Background free Large f.o.v. and high duty cycle
I Large f.o.v. and high duty cycle
Partial sky survey & monitoring
Extended sources
Transients (AGN, GRB)
Highest energies

All sky survey & monitoring
Transients (AGN, GRB)
Diffuse emission

Atmospheric Cherenkov Telescopes
50 GeV - 100 TeV
Large effective area
5 Excellent background rejection
Small f.0.v. and low duty cycle
De g ycy

Detailed study of known sources
: Deep surveys of limited regions
E High resolution spectra

GeV TeV
90 o
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GAMMA-RAY LARGE AREA SPACE TELESCOPE

St

Exploded View:
One of Forty-nine Towers I 10 Layers of 0.5 rad Length Converter (pb)

B 12 Layers of XY Silicon Strips
~w Gamma Rays

—— Positrons/Electrons

FoV

Deg

GeV TeV
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The HAWC detector

Second generation WC y-ray observatory - built from MILAGRO experience.

Located in Sierra Negra at higher altitude 4100m and lower latitude 19°N
- 4 x larger dense sampling region (22,000m?)

- 10 x larger muon detection area (22,000m?)

/w8
. . . !
- Optical 1solation of detector elements , "‘\"
- 15 x 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 all sky each sidereal day. .
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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.
- v-ray transient sources: AGNs, GRBs, PBHs, Galactic transients, Galactic Center.
e
- Mapping and characterizing extended y-ray sources: SNR, PWN;, diffuse.
- Solar events; dark matter searches.
- Multiwavelength & multimessenger synergies.
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The atmosphere 1s part of the detector
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WC construction

February 2012 to December 2015







Water Cherenkov

N

Each water tank 1s filled with 180,000
liters of water.

Water is treated to ensure maximum AN
transparency. grex; N

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

Optical fiber for calibration.

Each WCD i1s connected to the central
counting house.
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HAWC-100
Sept 2013
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HAWC-100
Sept 2013

- Water filtration
- Bladder testing




Counting house
- DAQ & laser calibration

- Water filtration
- Bladder testing

Y.




WCD Water Water Depth . HV PMTs PMTs
Tanks Storage .Bladder Filled ° Sensor - SU™VeY —Capje g Tot(HQE) "Verified
7 293 293 175 300 293 1132 (283) 1120 (278

14
13
12
11
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HAWC - 19 March 2015
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HAWC 300
Full operations

DATE: 03/20/2015
TIME: 12:26:30




Timing information
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394_, ........ , ..... L w ............. '+l ............................. ....... Signals allows to
§\\34eh) \ ) <) 3 determine the arrival
7i ......................... _______ direction of primary
&) (o2 (oo %~ particles in the sky.
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274

254

234

Timing information

- Relative timing of
signals allows to
determine the arrival
direction of primary
particles 1n the sky.

- Tank spacing 1s 25 to
50 light-ns.

- Arrival times are fitted

| | | | | | to a curved plane.
120 140 160 180 100 2
X (m)
-78 -18 42 102 162 222 - HAWC tlmlng
- | Timel ) residuals below Ins.
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Energy deposition

@ &) @) - PMTs measure
................... 2O o i 1ndividual pulses of
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 Energy estimation.

.+ vy/hadron discrimination.

&« Must define the core and

234) R — _ S model CNergy deOSitS

wee. o according to standard
EventID: 142 = (NKG) shower models
20 140 160 180 100 12 . .
X Imeter] and simulations of the
-2 -1 0 1 2
r nse of HAWC.
B N | esponse of HAWC

logl0(Charge/PE) (C PMT divided by 2)
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Sensitivity & Field of View

Transit instrument

Il UNID, DARK
F O \/ —_— 1 8 Sr Il Star Forming Region, Cat. Var., Globular Cluster, Massive Star Cluster
L]

B HBL, IBL, FSRQ, FRI, AGN (unknown type), LBL
Gamma BIN, XRB, PSR
Shell, SNR/Molec. Cloud

HAWC scans 2/3 of the
CeleStial Sphere every o .

sidereal day to a depth of
1 Crab @ 5o:

= transient events

= extended diffuse e e
sources '”'

107I1‘2.5 10‘71'2 107‘11.5

- 60 IIlCI‘ab / Sqrt(year) HAWC-300 1-year sensitivity F(>2 TeV) [cm 2 s ']
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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.
- y-ray transient sources: AGNs, GRBs, PBHs, Galactic transients, Galactic Center.
i Mapping and characterizing extendéed y-ray sources: SNR, PWN, diffuse.

Solar events; dark matter searches.

+ Multiwavelength & multimessenger synergies.




HAWC phases

HAWC 30 September 2012

Early science data

__________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

HAWC 111 August2013  >cginning 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 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 x 10° events

-24 -21 -18 -15 -12 -9 -6 -3 0

significance [o]

+ Median energy: 2 TeV

: :  Abeysekara et al.
- Potential for e* flux measurements :

. Ap] 796, 108 (2014) |
above 1 TeV. i astro-ph/1408.4085 !
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Cosmic-ray anisotropies

21 -18 -15 -12 -9 3 0 3 6 9 12 15 18 21
Plot by Dan Fiorino
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v / hadron discrimination

y-ray

Hadron
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Mrk421: HAWC-111 (283 d)
+ HAWC-250 (105 d) - preliminary

HAWC

Crab: HAWC-111 (283 d)
+ HAWC-250 (105 d) - preliminary
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0 HAWC-111 (283 d) + HAWC-250 (105 d) »
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The Crab

Crab: HAWC-111 (283 d)
+ HAWC-250 (105 d) - preliminary
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7-day interval starting 2013 /06 /13

Mrk 421

* Brightest quasar in the night sky

5171

- Nearby Bl Lac at z = 0.03.

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

le-10 ' . ‘ ‘ . . ' 5
d b -1 H Mrk421
o MAXI/GSC: —_
Detected by Milagro.- | e | aessens L2
1o uncertainty around average flux 5

Tl,, L5¢ X-ray flare
TE 20 uncertainty around average flux a
o 13 G
T 10} Z
3 2
E 2 O
> o
(0] o
= 0.5% o
- b2
4‘_01 3

=

250
r2013/06/13 (MJD 56456.0)

Animations and light curves by Robert Lauer
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A 7-day interval starting 2013 /06 / 13 ]

Mrk 501

- Nearby Bl Lac at z=0.033.

671

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

L] L]
- Marginal detection S , | | — s
b b - s |--- average flux la
VV 1th Mllagro . T SWIFT/BAT: 1o uncertainty around average flux
PR y flare 20U inty around average flux
(V] 4
T

20 250
r2013/06/13 (MJD 56456.0)

Animations and light curves by Robert Lauer
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AGN /EBL

- HAWC horizon
limited to z<0.3

due to yy—ee
interaction with
the extragalactic
background light.

- Axions may
explain TeV
detections beyond
EBL.

Fuentes extragalacticas 1FHL potencialmente detectables con HAWC

1FHL Asociacion Tipo z r o / 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
J0521.742113 | 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 [ 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 0.044 148 £0.18 5.14

HAWC AGN/EBL sample by Sara Coutifio
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Fermi-LAT

Gamma-Ray Bursts

 GRB 130427A: one of the brightest and
most energetic GRBs detected:

- Bright optical counterpart: magnitude (R (s G i i G
7.4 and z=0.34. R T

- Highest energy photon detected (95
GeV) in any GRB.

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

 Zenith angle (57°) was too large for a

HAWC detection. HAWC - 20 May 2013
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E2. dN/dE [erg cm™ ]

Gamma-Ray Bursts

102 s o s -
e o e e e N\
N . :
-4 ’ N | | ]
107 Eop TS e e 1
jz*-~\\ ] é :
-5 : : i
107 i \‘\\’,”’ """""""""""""" El
el SIS ST A B
10-6 —— Fer'mz GBM (0 18.43 s) S R— ;_i__,,..'..\..‘,‘.;n .......... -
= = Fermi Combined (11.5 - 33 s) -’ 5\\ 4 E
-7 [|====HAWC Scalers (11.5 - 33 s) PN i
10 == HAWC-300 Scaler Sensitivity """"""" """"" ‘ “““““
== HAWC- 300 Maln DAQ Sensntlwty
-8 ] — YT |u] 1 Illllul 2| Lol 3| [WETT]
10° 104 103 102 101 1 10 10° 10° 10°
E [GeV]
.

GRB 130427A
Abeysekara et al., ApJ 800, 78 (2015)
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E? dN/dE [erg / cm

10_2 ;Hlllll T IIIIIIIl TT ||||I|| T |||||TI T |||I|T| T |I|||T| T lIIIIII] T IIIIIHI T IIIIIIII ;
- Preliminary GRB 130702A 7
B Teo=59s
10° z=0.145 0=32° —
- HAWC-88 (90% CL) ]
107 - e
- = S
10 Fermi GBM (16 s) E
= 4+EBL 3
10° Konus-Wind (21 s) =
10—7_|IIIII| | IIIII]I| | |I|IIII| 11 IIIII_IJ 11 IIIII_IJ | I||II|_|J 1 IIIIIIII | |III|||| | I|[II[I| |

10 10% 10° 10* 10° 10®° 10° 10® 10°
E [keV]

Kathryne Sparks Woodle
APS 2015 presentation
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Primordial Black Holes

- Originated in density fluctuations in the very early Universe:

- Collapse of cosmic loops.

- Bubble collisions.

- Collapse of domain walls.

- Alternative to Pop III remnants or Direct Collapse scenarios.

* Potential probes of:

- early Universe: PBHs affect early Universe processes.

- viable dark matter candidates

- high energy physics: contributions to y-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):

hC3 ;\[ -1
Tgu = ~ 1077 K,
BH = 81 G M kg <Jl@> .

and evaporate 1n a time scale:

G M3 M\
M) ~ ~10%
(M) ~ (5) »

Only PBHs smaller than 10'°g would have evaporated by now.
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Prlmordlal Black Holes

Whlpple lelts (1 3 Ssec) Llnton (2006)

—*—
. . . 8 CYGNUS Limit (1 sec), Alexandreas ( ) |
PBH CV&pOI'athIl llmltS 10 — : Tibet Air Showter1Array Limit (1 sec), A1r:Z:omori (1995)
. . - B VERITAS Limit (1 sec), Tesic (2012) I
on multlple time scales ¢  HESS Limit (1, 30 sec), Glicenstein (2013)
. . . =@= Milagro Limit N
set with Milagro bttt
( Ade et al. 20 1 5) cfa —%— HAWC 5 Year Expected Limit
= o
. £ 10k * .
HAWC will set the most 7 | .
. . . Q
stringent upper limits for S Seal
. 2 .l ~ - u |
burst lasting Ims - 100s & %%} SRS 0 -
= * e Ve L
and emitting in the TeV 3 e Ttal Swormeet, L
range. 10} I T :
_ o
104 10-3 102 10100 10! 102 10°
ICRC-0708 (Ukwatta et al). Burst Duration (sec)
HAWC PBH expectations by Tilan Ukwatta
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Highlights from the High Altitude Water Cherenkov Observatory Pretz et al. 866

______________________________________________________ Anisotropyupdate ... Flornoetal. i 147
_______________________________________ First results from HAWC on GRBs_...........................  Taboadaetal i 237
__________________________ Results from monitoring TeV blazars with HAW¢ i Laueretal. i 239
________________________________________ HAWC diffuse Galactic emission. ... Baughmanetal. i 247
________ HAWC observations of Supernova remnants and pulsar wind nebulae i . Huietal. . i 323
____________________ Observations of the Crab nebula with early HAWC data i Salesaetal. i 348
e Jermi bubbles with HAWC i Avalaetal. i 379......
______________________________________ First dark matter limits with HAWC ... . .Longoetal. i 402
_____ TeV observations. of the Galactic plane with HAWC and joint analysis...........Zhouetal. i 737 .
e HAWC/Icecube CR anisotrony. .......................i. Diaz Velezetal. i . 997 .....
e Selection of AGN to study the extragalactic background light i  Coutifoetal. i . 35
______________________________ Measurementof ete-flux ... .............i..BenZvietal. . 216

H AW C @ I CRC _____________________________ Monitoring of TeV. binaries. ...l BenZvietal. i . . 217
Z e Ahigh level analysis framework for HAWC i Younk etal. . i . 238
____________________________________ HAWC design, operation and analysis ._.................i...Smithetal. . 397
___________________ Detector. considerations for HAWC southern observatory...........i DuVernoisetal. : 418 .
e M pdate paths for the HAWC observatory.....................i. . Sandovaletal. i . 529
____________________________________ All sky sensitivity of HAWC to GRBs ... .............i. ... Woodetal. . i 672 .
e Gamma, / hadron separation i Capistranetal i 692.....
.. Observational Characteristics of the final stages of evaporating black holes ;.. Ukwatta etal. i . 708.....
____________________________ Sensitivity. of HAWC to primordial black holes ... .. . Ukwattaetal. . 710 .
_________________________________________ Observations of the Sun shadow.........................i_ Ennguezetal. . 716 .
____________________________________ Scaler simulations of solar phenomena. ... Enriguezetal. i . 722 .
______________________________ Blazar alerts with the HAWC online monitor. ... Weisgarberetal. : 732 .
_______________ The calibration system of the HAWC gamma-ray observatory.........i .. Salesaetal. i 739 .
.Gamma hadron separation using pairwise compactness method with HAWC : . Hampeletal. i . 829. ...
___________________ HAWC analysis of isotropic diffuse gamma-ray emission. ... ... Pretzetal. . 867 .
_Searching for pulsed very high energy emission from pulsars using HAWC i Alvarezetal. i 1022.....
e HAWC sensitivity to Lorentz invariance violation i Nellenetal. i 1056.._..
HAWC dark matter . __Hardingetal. | 1296
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