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' The Birth of the VHE Gamma Ray '
Astrophysics

A.E. Chudakov and G.T. Zatsepin
(1961). Crimea Obs. (1961.1963)

The upper limit obtained by
Chudakov was a proof of direct
acceleration of electrons in the
Crab Nebula (1961)
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The first success full detection of the
gamma-ray emission above 0.7 TeV from
the Crab nebula in by the Whipple
collaboration: 5 sigma in 50 hrs (159 pixel
camera + Hillas image analysis)
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HAWC SITE

Mexico

Latitude: 18°59.7'N ..
Longitude: 97018.6'W



KW Mapping the Northern Sky in High-Energy Gamma Rays

High Alntude Wzter Cherenkuv
ma-Ray Obser

Water Cherenkov tank

HAWC comprises an array of 300 tanks that record the
C Observatory particles created in gamma-ray and cosmic-ray showers.

" HAWC DE RAYOS.GAMMA
HAWC

ay and night, providing |
for the observation air shower
amma rays. particle

200,000 L of
purified water

Cherenkov \
light - photomultiplier
tube (PMT)

Particles inside the shower produce
Cherenkov radiation that is detected
by the PMTs.

—

amma rays Vs cosmic rays

HAWC selects gamma rays from among a much more
abundant background of cosmic rays.

gamma-ray shower

cosmic-ray shower

55 it

HAWC is located at 4,100 m
above sea level, covering
an area of 20,000 m?.

“hot” spots concentrate “hot” spots are more
around the core dispersed

“Milagro HAWC
Detector Area 3500 m* /2100 m*  [20,000 m®
Time to 50 on the Crab 120 days Bhrs
Median Energy 4 Tel 1 TeV
Angular Resolution 0.40° - 0.75° 0.25" - 0.50°
Energy Resolution at 5 TeV 140% 72%
Energy Resalution at 50 TeV 85% 5%
Hadron Rejection efficiency at 10 TeV B0% ~09.5%
Q2 for gamma’hadron rejection 18 3
Time to detect 5 Crab flare at 5o 5 days 10 minutes
Eff. Area at 100 GeV 5m* 100 m*
Eff. Area at 1 TeV 10°m’ 20x10° m*
Eff Area at 10 TeV : zﬂma snnua mz
Eff Area at 50 TeV 70x10° m* 70x10° m*
Wolume of Universe where 3x10™ erglem* GRE 7 Gpc’ 7 Gpe®
is detectable |
Flux Sensitivity to a Crab-like source (1 year) 1525 mCrab & mCrab
(5u detection)
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HAWC field of view

Field of view down to ~45° from zenith:
Scanning 2/3 of the sky each day through the rotation of the Earth

A source is visible for
HAWC
up to 6 hours per day

* Photo Credit:: The HAWC Collaboration



Differential Sensitivity

Differential Sensitivity per Quarter Decade of Energy

How to think about
HAWC Sensitivity:
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Instantaneous sensitivity about
15-20x less than IACTs:

- ~2-3x from Angular Resolution

Crab

T

Survey > half the
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http://arxiv.org/abs/1306.5800 Astroparticle Physics 2013




HAWC Collaboration HAWC Collabaration
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* Display of the arrival time distributions of a shower consistent with a gamma-ray from the
Crab

* By precisely taking into account the shower curvature it is possible to get an angular
resolution of up to 0.15

* The system is based on measuring the ToT [Time over Threshold)

*  HAWC uses the TDCs as continuous recorders of edge timing: the experiment acquires and
transmits all of the TDC-digitized edges to a computer farm

* The trigger happens at software level: a PMT multiplicity trigger
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Galactic Plane

Milagro (2000-2008)

HAWC Pass | (2013-2014)

b [T -

HAWC Pass 4 (2014-2015)
Preliminary

Pl Tl - g v

Milagro is located near Los Alamos, New Mexico
= different sensitivity by dedlination along Galactic plane.

HAWC is ~|5x more sensitivity with lower energy threshold,
and more sensitive towards Galactic center.

* Photo Credit:: The HAWC Collaboration
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m Unexpected Anisotropy of [0TeV Cosmic Rays; Gyroradius of 10TeV proton in 2uG field is 1000 AU

Milagro = lceCubes TeV Cosmic Ray Data (100 Smoothing)

nCh z 32

Direct
Integration

2hr2dt2 1hr

:.yn.h‘!m.uu- l#]

Region A : 7.0 sigma Pre-trial will be greater than 7 with
Region B: 5.5 sigma another month of data.

Region C: 4.9 sigma
Find post-tnal with random data sefs.

Abeysekara et al., HAWC Collaboration
The Astrophysical Journal, Volume 796,
Issue 2, article id. 108, 11 pp. (2014)




HAWC 300
Full operations

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

* Photo Credit: Michael Schnider
(UCSC - HAWC)



- HAWC’s 17 month Sky Map
THAWC

Mrk501 Mrk 421
23S 33 g

Crab Nebula
105 s

' Photo Credit:: B. Dingus and The HAWC
Collaboration



Milky Way at Gamma Rays:
From Low (FERMI) to high energy (HESS+HAWC)

Actual view of the Galaxy at these energies (2015)
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HESS >1TeV, 10 years |8

Fermi LAT 0.05 — 2 TeV, >6 years

HAWC 0.1—100 TeV, 1 year




2HWC catalog

http://iopscience.iop.org/article/10
.3847/1538-4357/aa7556/meta

Milky -2 -1
Way

Galactic

Plane

Mrk501 Mrk 421

236 330
140 Mpc 130 Mpc
456 Mly A2y

507 day exposure
39 sources detected
19 new sources discovered
7 identified as PWN
Sources of positron excess????

* Credit: Wayne Springerand The HAWC Collaboration

Crab Nebula
105 o

2.2 kpc

8.0 kly

Geminga
0.8 kly



HAWC detection of increased TeV flux state for -
Markarian 501 T

High Altitude Water Cherenkov
Guma-Ray Observatory

ATel #8922: Andres Sandoval (1F-UNAM), Robert Lauer (UNM), Joshua Wood (UMD) on
behalf of the HAWC collaboration Astronomer’s Tele gram to

on 7 Apr 2016, 23:38 UT . ]
immediately alert
community of activity.

Mrk501, Bins 1-9, 2016-04-05 2016-04-05

41.0

Mrk501, Bins 1-9, 2016-04-06 2016-04-06

41.0

Mrk501, Bins 1-9, 2016-04-07 2016-04-07

41.0

fFha5415 254.0 2535 253.0 252.5
al’]

Mrk501, Bins 1-9, 2016-04-08 2016-04-08

41.0
0 1 2 3 4 5
slqnificancs [¢] 125215 254.0 253.5 253.0 252.5
al’]
April 5, 2016
p ’ significance [o]

April 6, 2016

2545 254.0 253.5 253.0 252.5
al’]
0 1 2 3 4 5
significance [o]

i {25415 254.0 253.5 253.0 252.5

April 7, 2016

0 1 2 3 4 5
significance [o]

April 8, 2016

Monitoring all gamma-ray sources visible to HAWC every day.
0 Credit:: The HAWC Collaboration
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* Credit: Wayne Springerand The HAWC Collaboration



Journal Articles

Extended gamma-ray sources around pulsars constrain the origin of the
positron flux at Earth
HAWC Collaboration: A U. Abeysekara et al., Science 6385 (2017), 911-914.

All-particle cosmic ray energy spectrum measured by the HAWC experiment
from 10 to 500 TeV
HAWC Collaboration: A. Albert et al., accepted for publication in Phys. Rev. Do

Dark Matter Limits from Dwarf Spheroidal Galaxies with the HAWC Gamma-Ray
Obsarvatory
HAWC Collaboration: A. Albert et al.

The HAWC real-time flare monitor for rapid detection of transient events
HAWC Callaboration: A. Albert et al., ApJ 843 (2017), 116.

Search for very-high-energy emission from Gamma-ray Bursts using the first 18

months of data from the HAWC Gamma-ray Observatory
HAWC Collaboration: R. Alfaro et al., Apd 843 (2017), 88.

The ZHWC HAWC Observatory Gamma-Ray Catalog
HAWC Collaboration: AU, Abeysekara et al., ApJ 843 (2017), 40,

Obsarvation of the Crab Nebula with the HAWC Gamma-Ray Obsarvatory
HAWC Collaboration: A.U. Abeysekara et al., ApJ 843 (2017, 39.

Search for Very High Energy Gamma Rays from the Northerm Fermi Bubble
Region with HAWC
HAWC Collaboration: A.U. Abeysekara et al., ApJ 842 (2017), 85.

Daily monitoring of TeV gamma-ray emission from Mrk 421, Mrk 501, and the
Crab Nebula with HAWC
HAWC Collaboration: AU, Abeysekara et al., ApJ 841 (2017), 100,

Mutiwavalangth tollow-up of a rare lceCube neutring multiplat
HAWE, lcaCuba, Fermi-LAT Collaboration: M.G. Aarsan et al., submitted 1o A,

Primordial Black Holes: Observational Characteristics of the Final Evaporation
TH. Ukwatta, D.R. Stump, J.T. Linnemann, J.H. MacGibbon, 5.5. Marinelli, T. Yapici,
and K. Tollefson, Astropart. Phys. 80 (2016), 20-114.

Search for TeV Emiasion from Paint-like Sources in the Galactic Plane with a
Partial Configuration of the HAWC Observatory
HAWC Collaboration: A.U. Abaysakara et al., Aslrophys, J. 817 (2016), 3.

Experimental Constraints on y-ray Pulsar Gap Models and the Pulsar GeV to
Pulsar Wind Nebula TeV Connection
A, Abeysekara and J.T. Linnemsann, Astrophys. J 804 (2015), 25.

GPS Timing and Control System of the HAWC Detector
A\, Abeysekara, T. Ukwatta, D. Edmunds, J. Linnemann, A, Imran, G. Kunde, and |,
Wigher.

Search for Gamma Rays from the Unusually Bright GREB 13042TA with the
HAWCE Gamma-Ray Observatory
HAWC Collaboration: A.U. Abeysekara et al,, Astrophys. J. 800 (2015), T8,

Milagro Limits and HAWC Sensitivity Tor the Rale-Density of Evaporating
Primordial Black Holes

Milagro Collaboration (A.A. Abdo et al.j and HAWC Collaboration (AU, Abeysekara et
dl.) Astropari. Phys. 64 (2015, 4-12.

VAMOS: A Pathfinder for the HAWC Gamma-Ray Observalory
HAWC Collaboration: A.U. Abeysekara et al,, Astroparl. Phys, B2 (2015), 125133

Obssrvation of Small-Scale Anisotropy in the Arrival Direction Distribution of
TeV Coamic Rays with HAWC
HAWC Collaboration: A.U. Abaysekara et al,, Astrophys, J. 796 (2014), 108

The Sensitivity of HAWC 1o High-Mass Dark Mattor Annihilations
HAWC Collaboration: A L. Abeysekara et al., Phys. Rev. D 80 (2014), 122002

Prospects for the Detectlion of GRBs with HAWC
|, Tabeada, R.C, Gimeare, MIM A 742 (2014), 276-27T.

Sangilivity of the High Altitude Water Cherenkov Detector o Sources of Multi-
TeV Gamma Rays
HAWC Collaboration: A. L. Abeysekara et al., Astropart. Pines. 30-52 (20113), 26-32.

On the Sensitivity of the HAWC Observatory lo Gamma-Ray Bursits
HAWC Collaboration: A U, Abeysekara et al., Astropart. Phys. 35 (2012) 641-650.

Credit: Wayne Springerand The HAWC Collaboration



HAWC Sky Map 1017 Days of Data
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1017 Days of Data
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By measuring spectra out beyond 30 TeV we can look for hadronic
accelerators
HAWC has produced the first map showing sources above 50 TeV

Once we measure the spectra we can determine their origin
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0 v ' n:;-SUTeV - % ‘MQ? 41@ “
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ey |

* Credit: Jordan Goodman and the HAWC Collaboration



) La Luna (misma escala)

Geminga

PSR B0656+14

{c) 2017 HAWC Collaboration
Creative Commons Attribution Share Alike 3.0

Moon Image: (c) Gregory H. Revera
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Extended gamma-ray sources around
pulsars constrain the origin of the
positron flux at Earth
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The unexpec imdly high fux of cosmic ray positrons detected at Earth may onginate from
nearty astrophysical sources, dark matter, or unkonown processes of cosmic-ray secondary
production. We report fhe detecbon. usng the High-Atrude Warter Chereniow Jbservatory

{HAWC), of exiended tera-ebectron waolt

EATNTATAY emission ooncident with the lo@bons of

two nearty middie-aged pulsars (Geminga and PSR B0656-+14) The HAWE olbsera tions
demonstrate that these pulsars are ndeed kocal sources of acoslerated keptons but the

measured tera-ebsctron wolt

on profille oo

the diffusion of particles away

fram these sources to be much slower than previously assumed_We demanstrate that the
leptons emitted by these objects ane themfore unliely ta be the origin of the exoess
pasitran s, which may hawe a mane exotic angn.

cem e Tays are high-energy part cles from
space that have been known dor more than
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nmnckear Most eOsmic rays afe Jrotons of
atomie mcled bt positrons and electrons also

area smallfraction of the totl cosmicray fux
Positroms are especially poesling beeanse the
PAMELA (Payioad dor Antimatier Matger Explo
ration and Lightmoced fstrophysics) detector
obmerved an unexpected excess of positrons a
enengies =10 G2V comparsd with the preceted

fiux #hat origmaies from imteractions of aosm e
ray proioms propagting thromgh the Galo (7L
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humdreds of giga -electnon vols.
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PARTICLE ASTROPHYSICS

Extended gamma-ray sources around
pulsars constrain the origin of the
positron flux at Earth

A. U. Abeysekara,' A. Albert,” R. Alfaro,” C. Alarez,* J. D. Alvarez,” R. Arceo,*

J. €. Arteaga-Velingoes,” D. Avila Rojas,” H. A. Ayala Solares,” A. §. Barber,!

N. Bautista- Elivar,” A. Becerril,* E. Belmont-Moreno,? 8. Y. Ben@vi,® D, Berley,” A Bernal, '™
J. Braun,™ €. Brishois,® K. 8. Caballero-Mora,* T. Capistrin,'® A, Carramifiana, ™

5. Casanova,'*'* M, Castille,® U. Cotti,® J, Cotomi," 8. Coutifio de Ledn,™ C. De Ledn, '
E. D¢ la Fuente, " B. L. Dingus,* M. A DuVemnois,™ J. C. Diaz-Véler.™ B W. Ellsworth,'”
K. Engel,” 0. Enriquez-Bivera, ™ D, W. Florinn,” M. Fraija," J. A. Garcia-Gonzilez,

F. Garfias,"® M. Gerhardt,’ A, Gonzdlez Muifioe.® M. M. Gonmlez, ™ J, A, Goodman,”

Z. Hampel-Arins,™ I, P. Harding? 8. Hermandez® A. Herndndez-Almada,® J. Hinton,"*

B. Hona,” C. M. Hui,'" P. Hiintemeyer,® A, Iriarte,™ A. Jardin-Blieg," V. Joshi,"*

5. Kaufmann,* D, Kieda,! A. Lara,"® R. J. Laner,”” W.H. Lee," D. Lennarz, !

H. Ledn Vargas,® J, T. Linnemann,*® A. L. Longinotti,"® G. Luis Raya,” R. Luna-Garcia, =
R. Lapez-Coto,"** K. Malone,”* 8. 8. Marinelli,”® O, Martinez," I. Martinez-Castellanos,”
J. Martinez-Castro, ™ H. Martinez Hoerta,™ J. A. Matthews,”” P. Miranda-Romagnoli,*
E. Moreno,"* M. Mostafi,** L. Nellen,™ M. Newbold,"! M. U. Nisa,® R Noriega-Papagui,®®
R. Pelayo,™ J. Pretz,™ E. G. Pérez-Pérez,” Z. Ren,”” C. D. Rho,® C. Riviére,”

D. Rosa-Gonzdlez," M. Rosenberg,®® E. Ruiz-Velaseo,” . Salazar,” F. Salesa Grens,™*

A. Sandoval,”® M. Schneider,”® H. Schoodemmer,'* G. Sinnis,® A. J. Smith,” B. W, Springer,’
P. Surajbali,™ L Taboada,®' 0. Tibolla,* K. Tollefson,*® L Torres,™ T. N, Ulavatta,*

G. VianeDo,™ T, Weisgarber," 8. Westerhoff,"! I G. Wisher," J. Wood," T. Yapici, ™™

G. Yodh,”™ P. W. Younk,” A, Zepeda,”™* H. Zhon,™ F. Guo,” J. Hahn,"* H. Li,* H. Zhang”
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M. Aguilar et al. (AMS Collaboration), “First Result from the Alpha
Magnetic Spectrometer on the International Space Station: Precision

Flujo de particulas de alta energia cerca de la tierra (rayos cosmicos). Verde: Primarias que Measurement of the Positron Fraction in Primary Cosmic Rays of 0.5—
vienen de fuentes originales de rayos cosmicos (RSN,PWN). Amarillo: Particulas 350 GeV,” Phys. Rev. Lett. 110, 141102 (2013)

secundarias que se producen cuando las primarias interactuan con el ISM produciendo

piones y muons, estos ultmos decayendo en positrones y electrones. Morado: Electrones y R. J. Protheroe, “On the Nature of the Cosmic Ray Positron
positrones formados por la aniquilacion de materia obscura (WIMP). Spectrum,” Astrophys. J. 254, 391 (1982); I. Moskalenko and A.

Strong, “Production and Propagation of Cosmic-Ray Positrons and
Electrons,” 493, 693 (1998); T. Delahaye, J. Lavalle, R. Lineros, F.
Donato, and N. Fornengo, “Galactic Electrons and Positrons at the
Earth: New Estimate of the Primary and Secondary Fluxes,”
Astron. Astrophys. 524, A51 (2010)

25 billones de eventos

6.8 millones sone y e*

400,000 e+ 0.5-350 GeVs \\]

Pm ;,’;If_ a payload for Antimatter matter Exploration
L= and Light-nuclei astrophysics
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http://dx.doi.org/10.1103/PhysRevLett.110.141102
http://dx.doi.org/10.1086/159743
http://dx.doi.org/10.1086/305152
http://dx.doi.org/10.1051/0004-6361/201014225

High Altltude Wate Cherenkov
bservatory

The measured gamma ray emission is produced by the leptons diffusing into the ISM
and IC scattering from the CMB

Using the properties measured by HAWC of these sources, we can infer the
propagation of the e* to Earth

Contribution of
Geminga, the
other source is

negligible
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The measured positron flux cannot be explained by the contributions from Geminga and

2HWC JO/700+143

Nearby Pulsar Wind Nebulae do not
explain AMS positron observations

Credit: The HAWC Collaboration
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Detection of p-quasar SS433

SS 433 + W50

SS433 - x-ray binary with black hole

Imaged jets ~ perpendicular to line of sight |
& containing hadrons 1 1908+06

Until now, no jets have been imaged at TeV
energies.

SS 433 has long been a suspected VHE
gamma-ray source.

The observation of TeV lobes provides new
information about SS 433, including its
luminosity and magnetic field.

84 s g nnmna

btracting
1908+06

40
i 1*]
EHET e _:—'—'-_——_2 T 012342458 . .
-2 0 4 6 8 12 14 e ia) Credit: Jordan Goodman and the HAWC Collaboration
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HAWC observation of SS433 is the first direct
proof of particle acceleration to > 100TeV in jets
— Jets are observed edge-on so the gamma rays are not

Doppler boosted to higher energies or higher
luminosities

— Hadronic acceleration disfavored due to extreme
energetics required

— Electrons radiate synchrotron x-rays and magnetic field
Is then given by the electron energy determined by -
HAWC -1 0 1 2 3 A4

— Acceleration does not happen at the black hole pro-trial significance (]

because the cooling time of the electrons is too short ~ HAWC significance with the

overlay of x-ray contours showing
to make the observed gamma-rays the jet lobes and not the black

hole.

Possible Detection of y-quasar SS433

« We used a diffusion model to fit the extended MGRO
J1908+06. We have also tested the Gaussian model and the
powerlaw model and their effects on the fitted lobes have been
included in the systematics (< 20%).

» For the spectral model, simple power law was used.

* Modeling can indicate whether the gammas are likely of
hadronic or leptonic origin and where the acceleration occurs

« (Paper in progress)
* Credit: Jordan Goodman and the HAWC Collaboration



) Outriggers
_ﬁ - HAWC Sparse Outrigger Array being deployed

-
L F L

Now:

Enhanced Sensitivity above 10 TeV

- Accurately determine core position for showers
off the main tank array.
o Cinerme LN - Increase effective area above 10 TeV by ~4x
e e g, - Funded by LANL/MPIK (Heidelberg)/Mexico.

i PRpEN S : - 2500 liter tanks: 1/80th size of HAWC tanks.

Collaboration
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HA WC is a very sucefull experiment, surveying the TeV sky with a wide-field of view,
discovering new classes of sources, viewing the highest energy sky (e.g. > 50 TeV
sky), and playing an important role in Multi-messenger astrophysics



The High Altitude Water Cherenkov (HAWC) TeV Gamma Ray
Observatory at México,

Eduardo de la Fuente Acosta (Ph. D)
edfuente@gmail.com
THANK'YOU!
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,,,E'CONACYT ~tniversidad de Guadalajara México™
L Departamento de Fisica, CUCEI -

WASDHA 2018. Moscow, Russia
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