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A Few Words About Trevor
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Complementarity of Gamma-Ray Detectors

Fermi 
AGILE

HAWC 
VERITAS

HESS 
MAGIC
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Wide-field/Continuous Operation    TeV Sensitivity

• Space-based detectors - continuous full-sky coverage in GeV 
• Ground-based detectors have TeV sensitivity 

• IACTs  (pointed) excellent energy and angle resolution 
• HAWC has 24-hour >1/2 sky coverage 
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Complementarity of Gamma-Ray Detectors

• VERITAS  
– Can detect a point source with 1% Crab Nebula strength within 25 hours 
– Has energy range from ~100 GeV to ~10 TeV 
– Has an angular resolution better than 0.1o at 1 TeV 
– Sensitivity drops for sources with radius (r) > 0.1o  ~r/(0.1o) 

• HAWC 
– Can detect a point source with ~5%-10% Crab Nebula strength over most of the 

northern sky with two years of data (~5-6σ/√d)  
– Has energy range from ~500 GeV to ~100 TeV, can extend spectra to high energies 
– Has angular resolution that varies from ~1o at 1 TeV to better than 0.2 at 10 TeV 
– Sensitivity doesn’t change appreciably for extended objects 
– Observes every visible source every day
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Differential Sensitivity per Quarter Decade of Energy

http://arxiv.org/abs/1306.5800 Astroparticle Physics 2013
5 years of HAWC operations will give similar sensitivity at 10 TeV as 1 TeV for ACTs

HAWC Differential Sensitivity
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http://arxiv.org/abs/1306.5800
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What can you do with a wide-field instrument?

• Gamma Ray Astrophysics 
– Galactic Gamma-Ray Sources - Survey 

• Discovery of Pulsars, PWNs, Binaries - 
especially extended sources  

• Study of high energy behavior - source of 
galactic cosmic rays 

• Morphology of sources 
• Galactic Diffuse and Fermi Bubbles 

– Transients 
• Gamma Ray Bursts - high energy behavior 
• AGN - Continuous monitoring 
• IceCube, LIGO multimessenger observations

8

• Particle Physics 
– Dark Matter - can look for places with 

no visible signal  
– Primordial Black Holes  
– Violations of Lorentz Invariance 
– Look for sources of positron excess 

• Cosmic Ray Anisotropy
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HAWC Design builds on Milagro
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Milagro “1st Generation” Water Cherenkov detector 
• 2650m (8600’) elevation near Los Alamos, NM 
• Covered pond of 4000 m2  
• Operated 2000-2008 
• Crab at 5σ in 4-5 months 

HAWC “2nd Generation” Water Cherenkov detector 
• 4100m (13500’) elevation near Puebla, Mexico 
• 300 water tanks spread over 22,000 m2 
• Operation 2015-19(25) 
• Crab at >5σ in a day 

©Aurore Simonnet
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The HAWC Site
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Latitude:		18o59.7’N	
Longitude:	97o18.6’W
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HAWC
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HAWC
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HAWC Tanks
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Tank Construction

 – 13
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Angle Reconstruction Uses Timing
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Shower Plane

Photons convert to e+e- in the water
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HAWC-250 

HAWC-250: November, 2014 (~150Days)
HAWC-111: Operations Begins: August 2013 (283 days)

HAWC Inauguration, HAWC-300: March, 2015

HAWC-111
15

HAWC-30

HAWC-300

HAWC-30: Engineering Test of full detector

HAWC-300: March 2015 – Present : >95% uptime 
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300th WCD tank constructed/filled Jan 2015 
~3,900 tanker truck trips
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HAWC Electronics 

19

Reuses Milagro front-end boards - every hit recorded 500MB/s  -> 22MB/s to disk 
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Energy deposited away from core7

Monte Carlo 
Simulation

Gamma Hadron Separation (MC) 

20

Gammas

Protons
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HAWC-250 Data

21

Hadron Shower (off source) Likely Gamma Shower 
(Crab event)

HAWC 
Data
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hadronic event gamma ray-like eventgamma/hadron parameter

Gamma - Hadron Separation
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<0.2° PSF68% at highest energy

Angular Resolution



J. Goodman - University of Maryland - HAWC and VERITAS Summer 2017 

Photon rich sample from the Crab

1 in 104 Events Kept 
25% Efficiency for 
Photons

With Strong Photon 
Cut

24
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Potential Improved Algorithms

• Using sample of highest energy events, with our standard cuts, on the 
Crab we get: 

– Excess: 139.5 ev    Background: 6.5 - signal/background >20 to 1 
• Can reduce the background significantly using improved algorithms: 

–  Excess: 116.0         Background: 1.0 - signal/background >100 to 1 
• Can potentially reduce the background by 5x at highest energies

25
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High Energy View of our Galaxy

26

HAWC 1—100 TeV, 1 year

Fermi LAT 0.05 — 2 TeV, >6 years 

HESS >1TeV, 10 years

Credits: NASA/DOE/Fermi LAT Collaboration

credit: NASA / CXC / SAO /  
F. D. Seward, W. H. Tucker, R. A. Fesen

Pulsar Wind NebulaeSupernova Remnants

� �

LS I +61 303

C. M. Hui VERITAS observations of Galactic �-ray sources SnowPAC 2009

Mirabel, Science, 312, 1759

proposed models:
microquasar -> charged particles accelerated by accretion-powered jet
binary pulsar -> interaction between pulsar wind and wind from companion star

Fermi multi-wavelength campaign in Nov 2008 and Jan 2009 
with radio, optical, X-ray, GeV and TeV �-ray coverage.

TeV Binaries

Mirabel, Science, 312, 1759

HAWC 1-100 TeV, 2 Years
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HAWC 25 Month TeV Sky Survey

27

• Skymap from 341 days of data taken with the finished HAWC array.
• Point source analysis assuming power-law index of 2.7.
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25 Month Data Set
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Mrk 501 - 21σ

Mrk 421 - 36σ

Crab Nebula - 130σ
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HAWC 760-Day TeV Sky Survey
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Inner Galactic plane 506 day data
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Published Catalog Results
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2HWC J1953+294 - 12 months of data

32

• No previously known TeV source.
• New analysis by VERITAS, archival plus new data, source confirmed.
• Possible association 3FGL J1951.6+2926 / PWN DA 495?

Preliminary 
Reported errors  

are stat. only 
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2HWC J1953+294 - 17 months of data

33

• No previously known TeV source.
• New analysis by VERITAS, archival plus new data, source confirmed.
• Possible association 3FGL J1951.6+2926 / PWN DA 495?

Preliminary 
Reported errors  

are stat. only 
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2HWC J1953+294 - 25 months of data

34

• No previously known TeV source.
• New analysis by VERITAS, archival plus new data, source confirmed.
• Possible association 3FGL J1951.6+2926 / PWN DA 495?

Preliminary 
Reported errors  

are stat. only 



J. Goodman - University of Maryland - HAWC and VERITAS Summer 2017 

HAWC view of the Galactic Plane

35

• ~40	sources	seen	in	first	year	
• 25%	are	new

Pulsar	~8kpc	(26,000	ly)	away
Supernova	remnant	with	very	
energetic	pulsar

Association	unclear
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HAWC view of the Galactic Plane

36

• ~40	sources	seen	in	first	year	
• 25%	are	new	
• 760	day	view
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 2HWC J1928+177 - all fhit bins

37

Black contours at sqrt(TS)=5, 7, 9.

PSR J1930+1852

PSR J1928+1746
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 2HWC J1928+177 - fhit bins 8, 9

38

Black contours at sqrt(TS)=4, 5, 6.

PSR J1930+1852PSR J1930+1852

PSR J1928+1746



J. Goodman - University of Maryland - HAWC and VERITAS Summer 2017 

Cygnus Region

39

Milagro 4, 5, 6 σ
New TeV source
2HWCJ2006+340: 
• >6σ pre-trials
• 0.6° from unidentified source 

3FGL J2004.4+3338

2HWC J2019+368 is coincident with MGRO J2019+37 and VER J2019+368
• extended emission including PSR J2021+3651 and HII region Sh 2-104

The Astrophysical Journal, 788:78 (10pp), 2014 June 10 Aliu et al.

Energy (TeV)1 10

)
-1

 s
-2

 c
m

-1
dN

/d
E

 (
Te

V

-1710

-1610

-1510

-1410

-1310

-1210

-1110

-1010

VERITAS

VER J2019+368

CTB 87 (VER J2016+371)

Figure 3. Differential energy spectrum of VER J2016+371/CTB 87 and VER
J2019+368 as measured by VERITAS. The event excess in each bin have a
statistical significance of at least 2σ .
(A color version of this figure is available in the online journal.)

reduced χ2 values, mainly due to limited statistics. Either a
larger data set or more sensitive reconstruction techniques, or
both, are necessary to determine the morphology better.

The energy spectrum for VER J2019+368 is estimated from
a circular region of 0.◦5 radius centered on the best fit position.
The resulting spectrum, shown in Figure 3, extends from 1 to
30 TeV and is well fit by a PL model (χ2/dof = 5.79/6)
with a hard photon index of Γ = 1.75 ± 0.08stat ± 0.2sys
and a differential flux at 5 TeV of (8.1 ± 0.7stat ± 1.6sys) ×
10−14 TeV−1 cm−2 s−1. Assuming these parameters from the
fit, the 1–10 TeV integrated energy flux is estimated to be
(6.7 ± 0.5stat ± 1.2sys)×10−12 erg cm−2 s−1. We also attempted
to fit alternative, spectral models (such as a curved PL and cut-off
PL model) but they did not provide better fits. The study of the
energy dependent morphology of the emission in two separate
energy bands, below 1 TeV, and above 1 TeV, supports the lack
of any statistically significant spectral points below 1 TeV. The
excess maps for each energy band show evidence for different
centroid positions, see Figure 4. Above 1 TeV, a strong emission
(at the level of 9σ ) with a best fit location statistically compatible
with that of VER J2019+368 is observed. Below 1 TeV, there
are indications (at the level of 3σ ) of emission offset by about
0.5 degrees in the direction of the unidentified gamma-ray source
2FGL J2018.0+3626.

4. MULTIWAVELENGTH PROPERTIES,
INTERPRETATION, AND DISCUSSION

Both VHE-emitting regions coincide with non-thermal emis-
sion detected in radio, X-rays, and HE gamma-rays. In the
following sections, we examine in detail the locations, mor-
phologies, and spectral properties of these low energy counter-
parts in order to be able to establish the connection with the
VHE emission and its origin.

4.1. VER J2016+371, the SNR CTB 87, and their Surroundings

In Figure 5 we present a false color image of the radio and
X-ray emission in the region around VER J2016+371 obtained
with the Giant Metrewave Radio Telescope (GMRT; Paredes
et al. 2009) at 610 MHz and Chandra between 2 and 10 keV,
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2FGL J2021.0+3651

2FGL J2018.0+3626

2FGL J2015.6+3709

Figure 4. VHE gamma-ray excess maps of the MGRO J2019+37 region as
observed with VERITAS in two different energy bands. The high energy band
is above 1 TeV (red) while the low energy band is between 600 GeV and 1 TeV
(green). The number of excess events in the maps has been obtained using a
search radius of 0.◦23, which corresponds to the extended source search analysis
described in the text. The change between the red and black in the color scale
takes place at the 4σ level, while between green and black is at the 2σ level.
(A color version of this figure is available in the online journal.)

respectively. The VHE contours of VER J2016+371 are co-
located with the bright and extended low-energy emission from
the SNR CTB 87. At radio wavelengths, the strong polarization,
flat spectral index, center-filled morphology, and lack of a
continuum shell have been used to classify CTB 87 as a PWN
(Weiler & Shaver 1978; Wallace et al. 1997). The high angular
resolution of the GMRT image (∼30′′) shows a faint circular
structure in the southwestern portion of the nebula. Further
studies at multiple wavelengths will be needed to determine
if this structure is related to CTB 87 or perhaps a different
source. The smoothed archival X-ray image reveals a centrally-
peaked morphology which is offset toward the southeast of
the radio peak and has a slightly smaller extent than the
radio emission. The X-ray emission was recently studied in
more detail by Matheson et al. (2013). The superb angular
resolution of Chandra also allowed these authors to localize
the pulsar candidate, CXOU J201609.2+371110, located within
the compact PWN (to the southeast of the remnant center).

HE gamma-ray emission is also detected in the vicinity of
VER J2016+371 with the Large Area Telescope on board the
Fermi spacecraft (Fermi-LAT; Abdo et al. 2009b). The 95%
error ellipse of the unidentified HE gamma-ray source 2FGL
J2015.6+3709 does not exclude a common origin between the
two sources. However, based on the variability index of the
Fermi-LAT source and its correlation with radio, Kara et al.
(2012) associate the HE gamma-ray emission with the nearby
blazar B2013+370, with unknown redshift, rather than with the
CTB 87. On the other hand, no VHE gamma-ray emission from
this extragalactic object is seen in the current data. Its location
lies 6.′7 away from the centroid of VER J2016+371, this being
much larger than the ∼1.′5 uncertainty of the VHE measurement.

4.1.1. A PWN scenario

The morphology of the extended X-ray PWN (Matheson
et al. 2013) suggests that it is affected by ram pressure due

5

VER J2019+368 (Aliu et al ApJ 2014)

0.6-1TeV
>1TeV
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HAWC-VERITAS-Fermi Paper

• HAWC catalog sixteen sources that are not unambiguously associated 
with previously known TeV sources.  

• We have studied twelve of these sources without known counterparts 
with VERITAS and Fermi-LAT.  

• Working on a paper 
• What can we learn from: 

– Observations: 
• Morphology, energy dependence, extended spectra 

– Non observations: 
• Extent, spectral hardness

40
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Energy Estimation

41
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High Energy Sky (>56 TeV) 

42

Preliminary
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High Energy Sky (>56 TeV) 
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Preliminary
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High Energy Sky (>56 TeV) with 1º
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Preliminary
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Pulsar Wind Nebulae - Geminga and PSR B0656+14

45

• Geminga is closest (250 psec) known middle aged (300ky) pulsar
• PSR B0656+14 (Mongogem) 300ps, 100ky
• Possible nearby cosmic ray acceleration site  
— explanation for positron excess (Yuksel et al. 2009)

• Not seen by IACTs, extent maybe larger than IACT FOV

Milagro - Point Search 

No. 1, 2010 NEW X-RAY OBSERVATIONS OF THE GEMINGA PWN 67

Figure 1. XMM-Newton MOS1+MOS2 images (5′ × 5′) of the Geminga pulsar and its PWN in the 0.5–8 keV band. The top, middle, and bottom panels correspond to
the observation of 2004–2007 (64 ks total scientific exposure), 2002 (78 ks), and 2002–2007 (142 ks), respectively. The images in the left panels are binned in 3′′ × 3′′

pixels, while the images in the right panels are additionally smoothed with an 18′′ FWHM Gaussian. The ellipses (120′′ × 40′′) show the regions for which the spectra
and fluxes were measured, while the 64′′ × 32′′ rectangle between the ellipses was used for estimating the upper limit on the surface brightness between the outer
tails (see Section 2.2.2). The 50′′ × 20′′ rectangle ahead of the pulsar was used to measure the spectrum of the “streak” (see Section 2.2.3). The 5′′ radius circle in the
bottom left panel is centered at the position of blob C found in the Chandra observation of 2007 (see Figure 2 and Section 2.2.1). The source north–northwest of the
pulsar is an 11th magnitude K star (C+03).

which corresponds to ≈2.9′′n−1/2(d250/ sin i)−2, where i is the
angle between the pulsar’s velocity and the line of sight, and
n = ρamb/mH.

XMM-Newton observations of Geminga in 2002 April, re-
ported by Caraveo et al. (2003, hereafter C+03), revealed two
≈2′ long tails behind the pulsar, approximately symmetric with
respect to the sky projection of the pulsar’s trajectory (see
Figure 1), with a luminosity of ∼1029 erg s−1 in the 0.3–5 keV
band. C+03 suggested that these tails are associated with a bow
shock generated by the pulsar’s motion and, using the one-zone
bow shock model by Wilkin (1996),4 predicted that the head of

4 The one-zone model assumes an instant mixing of the PW matter with the
ambient matter at the shock, so that there is no CD, and the TS and FS sources
coincide with each other. The numerical bow shock models (e.g., Bucciantini
2002) have shown that the shape of the one-zone shock is approximately
similar to that of the FS but very different from the TS shape.

the bow shock, 20′′–30′′ ahead of the pulsar, is hidden in the
bright wings of the pulsar point-spread function (PSF) in the
XMM-Newton image.

The Geminga field was observed in 2004 (Sanwal et al. 2004;
Pavlov et al. 2006, hereafter P+06) with the Chandra Advanced
CCD Imaging Spectrometer (ACIS), whose resolution, ≈0.′′5, is
much better than that of the XMM-Newton detectors. The most
interesting finding of that observation was the detection of an
axial tail behind the pulsar aligned with the direction of the
pulsar’s proper motion (P+06; de Luca et al. 2006; see Figure 2,
top). The axial tail, with a luminosity of ∼2 × 1029d2

250 erg s−1,
was seen up to 25′′ from the pulsar, almost up to the boundary of
the field of view (FOV). P+06 suggested that the axial tail may
be a jet emanating from the pulsar magnetosphere. In addition to
the axial tail, a faint arclike structure was detected 5′′–7′′ ahead

XMM, Pavlov et al. 2010

Yüksel, Kistler, Stanev   
PRL 2009
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Geminga and PSR B0656+14  760 day data

• PSR B0656+14 - similar age and 
distance as Geminga 

• Gamma’s above 20 TeV 
– These come from 100 TeV electrons 
– This is much bigger than the x-ray PWN 
– Fitting the radial distribution will allow us 

to measure the diffusion coefficient at 
high energies 

• This can tell us if these are a source 
of local positrons seen by AMS and 
others

46
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Transient Search - The Crab Nebula

47

•Crab flares, continue up to TeV?
•No activity in radio, IR, and X-rays.
•HAWC Pass 4 data from Nov 26 2014 to June 2016.
•>105σ in 315 transits.
•Lightcurve binned in sidereal day.
•Consistent with constant flux.

MeV-GeV gamma ray

Credit: NASA/DOE/Fermi LAT/R. Buehler
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Transient Search - The Crab Nebula

48

On October 3rd, 2016, AGILE (GeV) reported 
enhanced emission from the Crab Nebula 
(ATEL #9586). The Fermi-LAT *GeV) 
confirmed the detection in ATEL #9588, with 
flux up to 1.8 times larger than typical. 

HAWC online monitoring shows 
the Crab to be fully consistent 
with its usual expectation over 
the same time period in the TeV.
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Transient Search - Mrk 421 / Mrk 501

49

Mrk 421

Mrk 501



J. Goodman - University of Maryland - HAWC and VERITAS Summer 2017 

Transient Search - Mrk 501

50

April 5, 2016

April 8, 2016

April 7, 2016

April 6, 2016

Astronomer’s	Telegram	to	
immediately	alert	community	
of	activity.

Monitoring	all	gamma-ray	sources	visible	to	HAWC	every	day.
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Mrk421 January 1-6, 2017
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Multi-wavelength / Multi-messenger

• We have follow-up agreements with: 
– Swift 
– Fermi-LAT 
– IACTs 

• FACT 
• HESS 
• MAGIC 
• VERITAS 

– AMON 
– IceCube 
– ANTARES 
– LIGO/VIRGO

52

HAWC-triggered:
• New source candidates lists.
• follow-up observations by IACTs such as VERITAS and MAGIC 

from Pass 1 release.
• Flares from known gamma-ray sources.

Externally triggered:
• IceCube alert on high confidence neutrino event (highest energy 

pointed astrophysical track-like).
• Fermi alerts on flaring activities.
• LIGO/VIRGO gravitation wave event follow-up
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LIGO	Follow-up

53

Candidate	1:		
RA:	28.628	(+01h	54m	30.63s)	J2000		
Dec:	+1.200	(+01d	11'	59.1")	J2000		
Error:	+1.15	(square	region,	half	side)		
Duration:	10	seconds		
Pre-trials	p-value:	2.55e-07		
Post-trials	p-value:	0.08	

Boxing Day Event
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IceCub Follow-up

54

2.6 ± 0.3 PeV
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IceCube >2.6 PeV Muon Neutrino

• HAWC-111 live. Several hours out of HAWC’s 
FOV. 

• Searches: 
– Integrated dataset (Steady, Aug 2013-May 

2015 dataset) 
– Next Day / Prior Day 
– ±2 and ±5 days around the event. 

• All searches consistent with cosmic-ray 
background.

55

IceCube Error Circle

HAWC-250 Integrated Data

IceCube ATel: #7856 
HAWC Follow-up ATel: #7868
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HAWC: Dark Matter

Preliminary

• HAWC has sensitivity to indirect 
detection of TeV WIMPs in: 
- Satellite galaxies, the Galactic 

Center, and galaxy clusters 
• Cosmological simulations predict 

more satellite galaxies than 
observed 
– Higher M/L galaxies have been 

found by Sloan Deep Survey 
– HAWC will observe all M/L 

galaxies in half the sky, even if 
L=0

56
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Lots of Potential Targets

57
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HAWC Does Well at High Masses

58

J-factor uncertainty
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Large-scale structures e.g.  Fermi Bubbles

59

NASA / DOE / Fermi LAT / D. Finkbeiner & others

Credits: NASA's Goddard Space Flight Center

• Large scale, non-uniform structures extending  
above and below the Galactic center.
• Edges line up with X-ray features.
• Correlate with microwave excess (WMAP haze)
• Both hadronic and leptonic model fit Fermi LAT data.   

Leptonic model can explain both gamma ray and microwave excess.
• First limits in TeV, hard spectrum is highly unlikely.
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HAWC 90%CL upper limits

60

HAWC upper limits together with the Fermi data 
and gamma-ray production models from 
Ackermann et al. (2014) and Lunardini et al. (2015
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Outriggers

- HAWC	Sparse	Outrigger	Array	being	deployed	now:  
Enhanced	Sensitivity	above	10	TeV	
- Accurately	determine	core	position	for	showers	off	
the	main	tank	array. 

-	Increase	effective	area	above	10	TeV	by	3-4x	
-	Funded	by	LANL/MPIK	(Heidelberg)/Mexico. 
-	2500	liter	tanks:	1/80th	size	of	HAWC	tanks.

117



Congratulations to VERITAS on 10 great years! 

The HAWC team looks forward to  
working closely together with you to  
explore the high energy sky! 

Jordan Goodman 
University of Maryland


