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The Southern Arizona Night Sky
T4, the Moon, Jupiter, and 
Venus in conjunction, 
December 2008

Jupiter, during 3C 279 observations, 
May 2017.

Photo: P. Fortin
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The Southern Arizona Night Sky

Beautiful night sky....

Photo: J. Quinn



T4, the Moon, Jupiter, and 
Venus in conjunction, 
December 2008

photo E. Roache

But sometimes ... 



2007 to 2017
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VERITAS First Light (April 2007)

April 28th, 2007
FLWO Basecamp

Hanna, Cern Courier 2007
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VERITAS Skymap c. 2007
30TH INTERNATIONAL COSMIC RAY CONFERENCE
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VERITAS in 2007



Collaboration in 2007

Collaboration meeting, Delaware, May 2007
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VERITAS Built Between 2005-2007
Eventual position of T1
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VERITAS in 2007

VERITAS: Status and Latest Results

Gernot Maier for the VERITAS collaboration

A new observatory for ground-based gamma-ray astronomy

VERITAS THE VERY ENERGETIC RADIATION IMAGING TELESCOPE ARRAY SYSTEM

T3

T2

T1
T4

85 m

35 m

82 m

108 m

four 12 m Davies-Cotton 

design telescopes

basecamp of Fred 

Lawrence Whipple 

Observatory (1268 m a.s.l.)

§  VERITAS is fully operational with a broad scientific program.
§  30 contributions at the 2007 ICRC.
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VERITAS Skymap c. 2007

TeVCat 
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The Journey 2007-2017
Several improvements and upgrades completed:
§  2009: Original prototype telescope relocated.VERITAS: Fall 2009 

•  Smithsonian Astrophysical Observatory 
•  Purdue University 
•  Iowa State University  
•  Washington University in St. Louis 
•  University of Chicago 
•  University of Utah 
•  University of California, Los Angeles 
•  McGill University, Montreal 
•  University College Dublin 
•  University of Leeds 
•  Adler Planetarium 
•  Argonne National Laboratory 
•  Barnard College 

•  DePauw University 
•  Bartol Research Institute/ University of Delaware 
•  Grinnell College 
•  University of California, Santa Cruz 
•  University of Iowa 
•  University of Massachusetts 
•  Cork Institute of Technology 
•  Galway-Mayo Institute of Technology 
•  National University of Ireland Galway 
•  DESY/Potsdam 
•  Pennsylvania State University 
•  ~95 Members 
•  +35 Associate Members 

  

  energy resolution:  15% - 20% 
-  effective area  >100,000 m2

-  spectral reconstruction:   E > 150 GeV

-  angular resolution (per event):  r68  = 0.1o

- energy range: 100 GeV - 30 TeV

VERITAS Performance

original layout

new layout



The Journey 2007-2017
Several improvements and upgrades completed:
§  2009: Original prototype telescope relocated.



Upgrades & Improvements

VERITAS Collaboration, arXiv:0910.3277

Several improvements and upgrades completed:
§  2009: Original prototype telescope relocated.
§  2009 - 2010: New mirror alignment system .
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Several improvements and upgrades completed:
§  2009: Original prototype telescope relocated.
§  2009 - 2010: New mirror alignment system.
§  2011: New VERITAS building and control room (better safety, capabilities and quality 

of life).

Upgrades & Improvements
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Several improvements and upgrades completed:
§  2009: Original prototype telescope relocated.
§  2009 - 2010: New mirror alignment system.
§  2011: New VERITAS building and control room. 
§  2011: New telescope trigger systems. All photomultipliers replaced.
§  2012: Installation of UV filters, bright moonlight observations.

telescopes after accounting for atmospheric absorption. The lunar spectrum at the ground is similar
to the solar spectrum at the ground, with variations due to the lunar albedo; see [34] for a com-
parison. When the filters are used, the integrated response of a VERITAS PMT to the Cherenkov
spectrum given in Figure 2 is reduced to approximately 15% of the nominal response whereas the
response to the solar spectrum is reduced to approximately 3%, giving a factor of approximately
five improvement in the signal-to-NSB ratio as well as reducing the number of photons incident
upon the PMTs. The filters allow operation up to about 30 times the NSB of a dark, extragalactic
field (about 80% Moon illumination).
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Figure 2: VERITAS PMT (Hamamatsu R10560-100-20MOD) quantum e�ciency and SCHOTT
UG-11 total filter transmittance (for a 3 mm thick filter including reflection and correction for non-
normal incidence). Also plotted are the Cherenkov spectrum of a 500 GeV gamma-ray shower and
the solar spectrum. Both spectra have been corrected for the e↵ects of atmospheric absorption but
not for the e↵ects of mirror reflectivity.

Rather than one large piece of glass, which is fragile and expensive, a “filter plate” was manu-
factured using 499 individual filters (one for each PMT), as shown in Figure 3. The filter plate is
made of three layers of plastic; the central layer has holes with the same diameter as the filters into
which the filters are placed. This is then sealed between two thin sheets with holes smaller than

8

Upgrades & Improvements
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Several improvements and upgrades completed:
§  2009: Original prototype telescope relocated.
§  2009 - 2010: New mirror alignment system.
§  2011: New VERITAS building and control room. 
§  2011: New telescope trigger systems. All photomultipliers replaced.
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Figure 2: VERITAS PMT (Hamamatsu R10560-100-20MOD) quantum e�ciency and SCHOTT
UG-11 total filter transmittance (for a 3 mm thick filter including reflection and correction for non-
normal incidence). Also plotted are the Cherenkov spectrum of a 500 GeV gamma-ray shower and
the solar spectrum. Both spectra have been corrected for the e↵ects of atmospheric absorption but
not for the e↵ects of mirror reflectivity.

Rather than one large piece of glass, which is fragile and expensive, a “filter plate” was manu-
factured using 499 individual filters (one for each PMT), as shown in Figure 3. The filter plate is
made of three layers of plastic; the central layer has holes with the same diameter as the filters into
which the filters are placed. This is then sealed between two thin sheets with holes smaller than

8

the filters but larger than the exit apertures of the Winston cones (so there is no obstruction of the
light exiting the cones). The plate is then mounted between the VERITAS camera PMTs and light
cones. The entire assembly is less than 5 mm thick so it is a small perturbation to the optics of the
camera assembly.

Figure 3: A UV filter plate with one filter for each PMT mounted in a central plastic layer which
is then sandwiched between two thin (gray) plastic sheets with holes smaller than the filters but
larger than the exit apertures of the light cones.

The filters have a nominal peak transmission of 72% for normal-incidence photons [35], but
this is reduced for photons entering at an angle, due to their increased path length in the filter and
increased reflection from the filter surfaces. This reduction has been estimated using a ray-tracing
program and has been determined to be approximately 15%, bringing the peak transmission down
to 62% (Figure 2).

Installation or removal of the filters by a pair of observers takes approximately 15 minutes per
telescope, taking one hour for a typical observing crew of three. It should be noted that installation
and removal are never done during normal observing (NOM) time. For example, one can install
the filters during daylight hours and remove them before the Moon has set. After installation, as
for normal observations, a flasher run is taken for gain correction, but no additional changes to
the array settings are required (including the CFD thresholds, which are maintained at 45 mV,
Figure 1).

9

VERITAS Collaboration arxiv:1703.01307

Upgrades & Improvements
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VERITAS Sensitivity
§  VERITAS now detects a source in less than half the time than in 2007.

(10% Crab source in 25 min, Crab Nebula in < 2 min)
§  The low energy response has improved dramatically. 

What’s changed since 2008?
Two major upgrades completed:
• 2009: Original prototype telescope relocated.
• 2012: New telescope trigger systems.  All photomultipliers replaced.
• VERITAS now detects a source in less than half the time.
• The low energy response has improved dramatically.

3Park, N., for the VERITAS Collaboration, 34th ICRC, 2015, arXiv:1508.07070

Sensitivity plot
1% Crab in 25 hours

2009-2012
2012-2016

2007-2009

Ethresh plot

VERITAS Collaboration, ICRC 2015
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VERITAS Sky Map c. June 2017 

58 Sources  
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VERITAS Science 

Starburst Galaxies
Blazars

VERITAS AGN Highlights Wystan Benbow
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Figure 1: The preliminary sky maps of the significance measured from the direction of S3 1227+25 (left) and PKS
1441+25 (center). Right) The preliminary histogram of integral flux upper limits derived from VERITAS observations
of 93 blazars and all 21 other 2FGL sources in the field of view of those blazars.

4. Highlights from Observations of Known VHE Blazars
Observations of known VHE blazars are the dominant component of the VERITAS AGN

program. These data include various long-term flux monitoring programs, ToO observations and
single-season campaigns. A few recent highlights are given here, as well as some results that have
further guided the development of the VERITAS blazar observing program.

PKS 1441+25 is an FSRQ located at a redshift of z = 0.939. Immediately after the MAGIC
discovery (ATel #7402) of VHE g-ray emission from this object in April 2015, VERITAS initiated
a ToO observation campaign. A total of 15 h of good-quality observations was acquired during a
1-week period, resulting in the detection of a very soft spectrum excess of ⇠400 events (⇠8s ; see
Figure 1). The observed flux was steady at ⇠5% Crab above 80 GeV. A further ⇠4 h of data were
taken in May 2015, after the MeV-GeV (Fermi-LAT) flare that initiated the MAGIC observations
had subsided. No significant excess was observed from the source, unlike the VERITAS detection
(⇠6s in ⇠6 h over 10 nights) of steady emission (⇠3% Crab) from the FSRQ PKS 1222+216
approximately two weeks after a similar MeV-GeV flare had subsided in February 2014.

1ES 0229+200 was observed by VERITAS for 54.3 h from 2009-2012 as part of a MWL mon-
itoring campaign including Swift, RXTE and Fermi-LAT [4]. The blazar was solidly detected by
VERITAS (⇠12s ) and the VHE spectrum well measured (G = 2.59±0.12). A variable VHE flux
was observed presenting challenges to efforts to exploit the VHE spectrum of 1ES 0229+200 to
constrain the strength of the intergalactic magnetic field. In addition, a synchrotron self-Compton
(SSC) model was fit to the SED. Rather than presenting a single, degenerate solution the entire
range of SSC parameters allowed by the data were presented. Although no detection was particu-
larly strong in any given waveband, in many cases the SSC parameters were constrained to a factor
of ⇠2 showing the general promise for VERITAS MWL campaigns on other blazars.

PKS 1424+240 is an IBL discovered at VHE by VERITAS in 2009 [5]. In 2013, archival
HST measurements were used to show it has z > 0.604, making it one of the most distant VHE
blazars [6]. This motivated a deep campaign on this object in 2013 [7]. In total more than 100 h
of observations, including archival data, resulted in a ⇠18s detection above 120 GeV and a VHE
spectrum that is now well measured (G = 4.2±0.3). When EBL effects are removed assuming the
redshift is at the lower limit, the spectrum shows an indication of spectral hardening that is curious
and becomes more so with higher redshift assumptions. Unfortunately the VHE flux was more

5

Radio Galaxies: Close, 
with misaligned jets

Fundamental Physics

Iron Spectrum Henrike Fleischhack

Cause Effect on f0 Effect on “

Absolute calibration (incl. atmosphere, detector model) ±40% ±0.2
‘Dead’ pixels (broken/turned off due to starlight) ±7% ±0.07
Intrinsic energy bias +0%

≠30%
+0.0
≠0.1

Statistical uncertainty on effective area ±10% —
Hadronic interaction model ±12% ±0.1
Remaining background +0%

≠15% —

Total +44%
≠55%

+0.23
≠0.25

Table 2: Systematic uncertainties of the cosmic-ray iron spectral parameters

and index
“ =2.82±0.30

stat

+0.23
≠0.25sys

.

The results agree well with previous measurements by IACTs and direct detection experi-
ments [22–26]. For the first time, the spectrum was extended beyond 200 TeV, with no indication
of a cutoff. Compared to previous measurements by IACTs [22, 23], the analysis presented here
has a slightly higher energy range. However, the template fit was able to compensate for the
truncation of high-energy events, whose images are not fully contained in the IACT cameras,
which increased the energy range of the analysis.

5. Future Outlook

There are several concievable ways in which the results presented here could be extended
and improved upon in future studies. Including the first interaction height in the likelihood fit
is expected to further improve the energy resolution, and would also provide a good cross-check
of hadronic and nuclear interaction models. With improved energy resolution and the increased
energy range promised by the upcoming CTA array [27], we will become sensitive to features
in the iron spectrum, such as spectral hardening.
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Figure 3: Iron spectrum in cosmic rays from the study presented here. Previous measurements by
VERITAS [22], H.E.S.S. [23], TRACER [24, 25] and CREAM [26]. Statistical uncertainties only.
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Galactic sources

VERITAS observations of the Cygnus Region Ralph Bird

J2018+367 and VER J2020+368 using the Point integration region. VER J2018+367 is fit with
a PL of parameters N0 = (5.12± 0.94

stat

± 1.48
sys

)⇥ 10�17 GeV�1cm�2s�1 at E0 = 2710 GeV
and a spectral index of 2.00± 0.21

stat

± 0.2
sys

. VER J2020+368 shows a harder spectrum with
a spectral index of 1.71± 0.26

stat

± 0.2
sys

and a flux normalization of (3.00± 0.56
stat

± 0.60
sys

)

⇥10�17 GeV�1cm�2s�1 at E0 = 3270 GeV (fig. 4c).
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Figure 5: VERITAS significance map of the
MGRO J2019+37 region.

3FGL J2021.1+3651 (PSR J2021+3651)
is a g-ray pulsar that lies 0.11� away from
VER J2020+368. XMM-Newton and Suzaku

observations clearly show a bright point
source spatially coincident with the Fermi-
LAT detected pulsar PSR J2021.1+3651,
with associated extended emission from a
PWN (G75.2+0.1) [6] stretching back to-
wards VER J2020+368. It is likely that VER
J2020+368 is associated with G75.2+0.1.

4.5 VER J2016+371

VER J2016+371 was observed using the
Point integration region at 6.2s

local

. The
location of this fit is (l, b) = (74.94� ±
0.01�

stat

± 0.01�
sys

, 1.16� ± 0.01�
stat

± 0.01�
sys

)
((a

J2000,d
J2000) = 20h15m57s, 37�1203100)

with no evidence of extension. The spectrum is fit with a power law of normalization (2.8±1.2
stat

±0.6
sys

)⇥10�17 GeV�1cm�2s�1 at E0 = 2510 GeV and spectral index 2.1±0.8
stat

±0.2
sys

.
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Figure 6: A section along the major axis of VER
J2019+368 towards VER J2018+367 through the
excess map using the Point integration radius.

To test the relative contributions of
CTB 87 and QSO J2015+371 to the HE g-
ray emission, in addition to a single source
model, a model with two power law sources
at the radio locations was used. The two
sources had test statistics of 102 and 1087 re-
spectively. The spectra of the two sources are
noticeably different, with the CTB 87 source
being weaker and harder. Plotting all three
Fermi-LAT spectra with the VERITAS spec-
trum (fig. 4d), shows good agreement be-
tween the spectrum of the Fermi-LAT CTB
87 source and VER J2016+371, whereas the
QSO J2015+371 source would require a spectral hardening to fit the VERITAS results. Conduct-
ing a joint PL fit to the spectral points from the CTB 87 source and VER J2016+371 gives the
parameters N0 = (6.67±0.60

stat

)⇥10�11 GeV�1cm�2s�1 at E0 = 5.2 GeV and spectral index 2.39
±0.05

stat

. Combined, the location of VER J2016+371 and the spectra of the Fermi-LAT emission,
when fit as two sources, suggests that the Fermi emission from the direction of CTB 87 and VER
J2016+371 are the same source and that they are associated with the PWN CTB 87.
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Unidentifieds

Pulsar
VERITAS observations of the Cygnus Region Ralph Bird
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Figure 1: Significance map of the entire region using the Extended integration region. Overlaid are
the 1s ellipses for extended sources and the location of VER J2016+371 (diamond).

A gated Fermi-LAT analysis on 3FGL J2032.2+4126 showed an extended residual (fig. 2),
with centroid (l, b) = (80.24�± 0.03�

stat

, 1.04�± 0.03�
stat

) ((a
J2000, d

J2000) = (20h32m13s, 41�280

3900). This residual was fit by an symmetric Gaussian source of 68% containment radius 0.15�+0.02�
�0.03�

centered on this location with a TS of 321.1 and a TS of extension of 28.6. We name the source
FGL J2032.2+4128e.

The VERITAS spectrum is well described by a power law with an index of 2.03± 0.37
stat

± 0.40
sys

and a normalization of (2.05± 0.42
stat

± 0.20
sys

)⇥ 10�16 GeV�1cm�2s�1 at 1820 GeV
(fig. 4a). The spectrum of FGL J2032.2+4128e can be described by a power law with index 2.52
±0.07

stat

and a normalization of (1.44±0.09
stat

)⇥10�8 GeV�1cm�2s�1 at 2.27 GeV. Comparing
the spectra of FGL J2032.2+4128e and 3FGL J2032.2+4126 shows that, below 1 GeV, the extrap-
olated flux from FGL J2032.2+4128e would be stronger than 3FGL J2032.2+4126. It is likely,
therefore, that at low energies some of the emission from 3FGL J2032.2+4126 is being included
in the measured flux from FGL J2032.2+4128e. A joint fit to the VERITAS and Fermi-LAT data
points for VER J2031+415/FGL J2032.2+4128e is well fit with a PL of index 2.39± 0.03

stat

and
normalization (3.61±0.21

stat

)⇥10�10 GeV�1cm�2s�1 at 4.04 GeV.
It is likely that both the HE and VHE emission share a common origin. Given the proximity

of the emission from both sources to the pulsar PSR J2032+4127, a PWN origin of this emission is
a strong possibility. It has been suggested that PSR J2032+4127 is in a long-period binary system
and that this is the origin of at least some of the VHE emission and could be confirmed through the
detection of correlated variability across multiple wavelengths [5].

4.3 VER J2019+407

In this analysis, VER J2019+407 was observed by VERITAS at a peak significance of 7.6s
using the Extended integration region. The centroid was (l, b) = (78.30�±0.02�

stat

±0.01�
sys

, 2.55�

3

Cygnus Survey

VERITAS and Fermi-LAT observations for new 2HWC sources Nahee Park

J1852+013⇤ and 2HWC J1902+048⇤. The measurements for these two sources disagree at a con-
fidence level of greater than 95%. To satisfy both the VERITAS upper limit and the measured
HAWC flux, the source extension must be larger than a radius of 0.23�for these.

4.1 SNR G 54.1+0.3 region

Figure 2: (left side) VERITAS gamma-ray counts map of the SNR G 54.1+0.3 region with point source
search cuts. White contours are HAWC’s significance contours of 5, 6, 7, and 8s . A point source detected
by this Fermi analysis is marked with a black circle. Further study finds that the model with two point sources
best describes the gamma-ray distribution of Fermi-LAT data. The locations of the two point sources used in
the model are indicated with black diamond markers. For both skymaps, dark green crosses are the locations
of 3FGL sources and blue x marks indicate the centroids of two HAWC sources in the region. Also, the q
cut used for the study is shown as a white dashed circle for both maps. (right side) VERITAS gamma-ray
counts map of the DA 495 region with extended source search cuts. Light pink contours show the radio
contours around PWN DA 495 measured by the Canadian Galactic Plane Survey in the 1.42 GHz band [9].
White contours are HAWC’s significance contours of 5s . The cyan diamond is the location of an X-ray
compact source. The yellow circle is the centroid of VERITAS. The extension of radio emission from SNR
G65.1+0.6 is marked with a dashed black line.

The first region that we discuss in detail contains a TeV source previously identified by VERI-
TAS, VER J1930+188 [8] and a newly identified HAWC source, 2HWC J1928+177. With 16 hours
of additional data taken in the 2015–2016 observing season, VERITAS has a total of 46 hours of
exposure in this region. The updated VERITAS counts map overlaid with Fermi-LAT and HAWC’s
information is shown in Figure 2. The VERITAS source is associated with the SNR G 54.1+0.3, a
supernova remnant hosting a young, energetic pulsar, PSR J1930+1852.

The HAWC source 2HWC J1930+188, coincident with VER J1930+188, was detected in the
HAWC point source search. The centroid of 2HWC J1930+188 is shown in Figure 2, and it agrees
with the position of VERITAS source.

Fermi-LAT analysis of this region searching for the LAT counterpart of HAWC sources de-
tected a point source coincident with VER J1930+188 with a TS value of 26. The non-detection

4

HAWC Follow-ups

Decadal VERITAS Observation of LS I +61�303 Payel Kar

Figure 2: VERITAS skymaps of LS I +61�303 arranged by orbital phase f . Image locations are hence
approximate and illustrative only, the orbit is unresolved at TeV energies. The time progression is counter-
clockwise. The orbital parameters used are from [3]

conjunction passage [6]. A simple estimation of the hydrogen column density is made using the
attenuation equation I = I0 exp(�µrL) where I0 is an assumed intrinsic flux (integral flux near
apastron passage), I is the attenuated flux (integral flux for phase range f = 0.8 ! 0.2 is used), µ
is the mass attenuation constant which is constant above 100 MeV, r is the density of matter and L
is attenuation length. The obtained hydrogen column density is NH = 4.62⇥ 1020 cm�2 which is
an order of magnitude less than values obtained from X-ray observations [7, 8].

The correlation seen between X-ray and TeV emission from LS I +61�303 favor a single zone
model for the binary where charged particles produce synchrotron X-rays and VHE gamma rays
by synchrotron self-Compton processes [7]. A detailed multiyear correlation study at X-ray, GeV
and TeV energies will will be presented in a forthcoming publication. Yet the theory of astronomi-
cal beats and the observed anti-correlation between X-ray luminosity LX and X-eay spectral index

6
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Some Highlights from the last 10 years 
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1. Sources of Cosmic rays: SNRs

RX J0852.0-4622 (VJ) 

RX J1713.7-3946 
Cas A HESS J1534-571 

SN 1006  
Tycho SNR 

G106.3+02.7 
RCW 86 

HESS J1912+101 

HESS J1731-347 

IC 443 CTB 37B 

TeVCat 2017 

§  γ-ray emission identifies the particle acceleration sites in SNRs.
§  Leptonic or hadronic? 
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§  Gamma-ray emission identifies the particle acceleration sites in SNRs.
§  Particle population is ambiguous: leptonic or hadronic emission may dominate. 
§  Where hadronic emission is identified, the source spectra cut off at high energies.

The Jellyfish Nebula Resolved in γ rays

Fermi-LAT Collaboration Science 339, 807, 2013

IC 443 with VERITAS

2007



Tycho: Hadronic Accelerator?

§  Possible interaction with Molecular Cloud.
§  Detection in GeV-TeV energy by Fermi & VERITAS.
§  Spectrum favors hadronic models.

What is the maximum energy of particles accelerated in Tycho? 

VERITAS: ApJ 2017; arXiv: 1701.06740

CO cloud / X-ray (Chandra, E>4.1 keV) / X-ray (NuSTAR, 
20 keV<E<40 keV)/Red (Fermi, 95% C.L. centroid) 

2011
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  2. Crab Pulsar: 
  Unexpected discovery of >100 GeV pulsed emission

TeVPA, Kashiwa 2015 

The Crab pulsar lightcurve >120 GeV The Crab pulsar spectrum

VERITAS Collaboration, Science, 334, 69, 2011

§  Fermi-LAT measures a spectral break at 6 GeV.
§  VERITAS measures unpredicted emission above 100 GeV.
§  Latest MAGIC results extend to 1 TeV.
§  Challenges emission models: Curvature radiation unlikely for pulsed VHE.
§  Emission from the neighborhood of Light Cylinder (r ~1600km, > 10 stellar radii).

2011



3. The Steady Crab: No Flares at TeV

TeVPA, Kashiwa 2015 

VERITAS Collaboration, ApJL, 781, 11, 2014.

§  Light curve and reconstructed energy spectrum in between 1 TeV and 10 TeV do not 
indicate any flux enhancement at TeV energies. 

§  Flux above 100 MeV was six times elevated during observations. 

March 2013 Flare

§  The Fermi-LAT measured Crab flares have no counterpart at TeV.

2013
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§  HESS J0632+057: unidentified, located in the Monoceros region.
§  Associated with massive Be star MWC 148.
§  VHE & Swift X-ray data indicate that the source is a binary period of 315 days.
§  VERITAS has more than 220 hours of observations. 

4. Identification of a Gamma Ray Binary

H.E.S.S. Collaboration 2007

VERITAS Collaboration, ICRC 2017

2011
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§  Intermediate-peaked (IBL). 
§  First IBL to be detected > 200 GeV.

§  Strong flare  2008 March (ATel 1422).

§  70% of excess from 4-night flare in 2008 March.
§ τ ≈1.3 ± 0.3 days, 9% CU.

5. IBLs: VERITAS Discovery of W Com
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B2 1215+305

VERITAS Collaboration ICRC 2011

2008
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The Terabird – A VERITAS Constellation!

W. Benbow, “VERITAS AGN Highlights”, Gamma 2016, 7/11/16

The “Tera-Bird”

8

J.	
  Holder	
  
M.	
  Santander	
  



VERITAS 
2010-2011

§  Flare on June 28, 2011 picked up by VERITAS monitoring; 125% Crab flux (> 200 GeV)
§  Flux decayed by factor of 10 in τ = 13 ± 4 min 

§  Flares + MWL coverage provide remarkable tomography of jet. 

§  New SL component near core (43 GHz) - new knot K11, shows a different polarization 
position angle  (20o compared with 44o for the core). 

VERITAS Collaboration: 2013, 
ApJ, 762,92

VLBA:  Emergence of a radio knot 
linked to the γ-ray flare. 

6. Locating the Emission Region in the Jet

2011



§  Above 10 GeV,  gamma-ray photons are absorbed by pair production EBL. 
§  Powerful cosmological constraints from a single source.
§  AGN with redshifts of ~1 have been detected by the current generation.
§  5% Crab flux (> 85 GeV). Gamma rays must be from outside BLR

7. Discovery of TeV γ rays from a quasar at z ~ 1  

PKS 1441+25
z=0.939

VERITAS Collaboration, ApJL 2015 2015



8. M 87: Gammas from the Edge of a Supermassive Black Hole

§  High-resolution radio and gamma-ray observations reveal the site of relativistic 
particle acceleration in the galaxy M87.

Science, 325, 444, 2009 (The VERITAS Collaboration, VLBA, 
H.E.S.S. + MAGIC)

§  A TeV flare occurred simultaneous 
with the birth of a knot in radio 
(VLBA) on the “rim” of the central 
supermassive black hole of M87.

2009	
  



§  Hard spectrum, emission > 700 GeV.
§  Among the weakest VHE sources detected, ~0.9% Crab Nebula flux. 
§  Cosmic ray density ~ 250 eV cm-3 (~ 500 times average Galactic density). 
§  Strongly suggests supernova & stellar winds are the dominant accelerators of cosmic rays.

VERITAS Collaboration, 
Nature, 462, 770, 2009

9. Discovery of TeV Gamma Rays from M 82

VERITAS Collaboration Science 2009

One of only two TeV 
starburst galaxies.



Astroparticle Physics, Cosmology

§  Dark matter searches (Classical & ultra faint dwarf spheroidals; PRD 2017)

§  Lorentz Invariance Violation (Energy dependent speed of light differences; 
targets – GRBs, pulse widths of γ-ray pulsars, AGN variability)

§  Primordial Black Holes (could evaporate and produce bursts of VHE γs)

§  Extragalactic Background Light (γVHE + γEBL à e+ + e-)

§  Intergalactic Magnetic Fields (look for pair cascades/halos; ApJ 2017)

§  Direct Cherenkov emission (produced by the primary particle, CR heavy 
nuclei)

§  Electron-positron measurements (Galactic CR studies)
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10.  A Decade of Dwarf Galaxy Observations: 2007 to 2017 

§  Indirect detection of dark matter is a key science program.

§  Five dwarf galaxies observed: Segue 1, Ursa Minor, Draco, Boötes and Willman 1. 

 216 hours of data analyzed (92 
hours on Segue 1). 

No significant γ-ray excess was 
seen in the direction of any of 
the five dSphs. 

VERITAS Collaboration, PRD 2017, 
ICRC 2017
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New Partners
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     Multi-Messenger Astronomy

arXiv/1304.5356 

PDG2015 

From “Dawn of Multi Messenger Astronomy,” Santander, 2016



    VERITAS Multi-Messenger Program

§  Cosmic ray sources: Follow up of HAWC sources of TeV γ rays. 

§  Astrophysical Neutrinos: Observation of IceCube neutrino positions. Prompt 
follow-up of neutrino alerts. 

§  Gravitational Waves: Planned follow-up observations of LIGO-VIRGO alerts.



VERITAS: 2HWC J1953+294

VERITAS Collaboration, ICRC 2017

§  VERITAS confirms HAWC detection.

§  Nearby PWN DA 495(G65.7+1.2 – Galt & 
Kennedy 1968)  is likely counterpart.

Karpova et al. 2015

§  No pulsations detected from X-ray source. 
SED similar to typical PWNe such as 
G76.9+1.0 & MSH 11-62.

§  Is the Fermi source associated with the 
pulsar or PWN? 

§  XMM/Chandra source 
J1952.2+2925 possibly a 
pulsar, likely associated 
with 3FGL J1951.6+2926.

DA 495

VERITAS and Fermi-LAT observations for new 2HWC sources Nahee Park

J1852+013⇤ and 2HWC J1902+048⇤. The measurements for these two sources disagree at a con-
fidence level of greater than 95%. To satisfy both the VERITAS upper limit and the measured
HAWC flux, the source extension must be larger than a radius of 0.23�for these.

4.1 SNR G 54.1+0.3 region

Figure 2: (left side) VERITAS gamma-ray counts map of the SNR G 54.1+0.3 region with point source
search cuts. White contours are HAWC’s significance contours of 5, 6, 7, and 8s . A point source detected
by this Fermi analysis is marked with a black circle. Further study finds that the model with two point sources
best describes the gamma-ray distribution of Fermi-LAT data. The locations of the two point sources used in
the model are indicated with black diamond markers. For both skymaps, dark green crosses are the locations
of 3FGL sources and blue x marks indicate the centroids of two HAWC sources in the region. Also, the q
cut used for the study is shown as a white dashed circle for both maps. (right side) VERITAS gamma-ray
counts map of the DA 495 region with extended source search cuts. Light pink contours show the radio
contours around PWN DA 495 measured by the Canadian Galactic Plane Survey in the 1.42 GHz band [9].
White contours are HAWC’s significance contours of 5s . The cyan diamond is the location of an X-ray
compact source. The yellow circle is the centroid of VERITAS. The extension of radio emission from SNR
G65.1+0.6 is marked with a dashed black line.

The first region that we discuss in detail contains a TeV source previously identified by VERI-
TAS, VER J1930+188 [8] and a newly identified HAWC source, 2HWC J1928+177. With 16 hours
of additional data taken in the 2015–2016 observing season, VERITAS has a total of 46 hours of
exposure in this region. The updated VERITAS counts map overlaid with Fermi-LAT and HAWC’s
information is shown in Figure 2. The VERITAS source is associated with the SNR G 54.1+0.3, a
supernova remnant hosting a young, energetic pulsar, PSR J1930+1852.

The HAWC source 2HWC J1930+188, coincident with VER J1930+188, was detected in the
HAWC point source search. The centroid of 2HWC J1930+188 is shown in Figure 2, and it agrees
with the position of VERITAS source.

Fermi-LAT analysis of this region searching for the LAT counterpart of HAWC sources de-
tected a point source coincident with VER J1930+188 with a TS value of 26. The non-detection

4
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-      

VERITAS IceCube Neutrino Follow-up
§  Observation of multi-PeV muon positions
§  Total of ~64 hours have been taken on 28 HE 

muon neutrino events
(non-contemporaneous, time scale years).

M. Santander - Multimessenger studies with the VERITAS Cherenkov Telescopes — ICHEP 2016, Chicago

PeV muon neutrino event
• Edep ~2.6 +/- 0.3 PeV 

• Eν ~ 8.7 PeV 
• patm < 0.01% 
• Detection: 6/11/2014 

• Reported: 7/29/2015 

• RA: 110.34° 

• Dec: 11.48° 

• r50% < 0.23° 

• ATel #7868

10

arxiv/1607.08006
IceCube Collab. (2016) 

M. Santander - Multimessenger studies with the VERITAS Cherenkov Telescopes — ICHEP 2016, Chicago

VERITAS observation of the PeV muon location

11

• 4 runs (1.83 hr of live-time) taken on 03/27/2016 under dark conditions. Analysis 
optimized for soft-spectrum sources. 

• No gamma emission detected within the neutrino error circle. ULs at the level of a 
few percent of the Crab. 

• Upper limits at the level of 0.1% of the all-sky astrophysical neutrino flux 
(depends on spectral extrapolation and source redshift).

50%

99%

PRELIMINARY 

z = 0

z = 0.1z = 1

10% Crab

1% Crab

IceCube flux / 1000 IC_NU20

PRELIMINARY 



VERITAS IceCube Neutrino Follow-up

§  Real-time follow-up of IceCube alerts with 
VERITAS (time scale seconds).
§  GCN events through AMON.

§  Multi-wavelength follow-up of rare IceCube 
neutrino multiplet (Feb 2016) time scale weeks).

(arXiv:1702.06131).

M. Santander - Multimessenger studies with the VERITAS Cherenkov Telescopes — ICHEP 2016, Chicago

• IceCube distributes realtime GCN alerts for muon neutrino events through the AMON 
network (http://amon.gravity.psu.edu/). About 4/year, ~1 astrophysical for starting events 
for contained events. 

• Alerts are received and processed by the VERITAS software and observations are started 
automatically.

Rapid neutrino follow-up observations

12

HESE event

Detection: 05:52:32 UT 
Alert sent: 05:53:53 UT  
Follow-up start: 05:55:45 UT

112 seconds

AMON GCN Circular

http://gcn.gsfc.nasa.gov/gcn3/19377.gcn3

04/27/2016

VERITAS follow-up



LIGO Gravitational Wave Follow Up
1 June 2017: GW170104 Press Release
LIGO Detects Gravitational Waves for Third Time
Results confirm new population of black holes. 

LIGO/CatTech/MIT/Sonoma State

Abbott et al., PRL 2017

TITLE:   GCN CIRCULAR
NUMBER:  21153
SUBJECT: LIGO/Virgo G268556:  VERITAS Very-High-Energy Gamma-Ray Observations
DATE:    17/05/27 00:20:02 GMT
FROM:    David A. Williams at UC Santa Cruz  <daw@ucsc.edu>

VERITAS carried out follow up observations on UT Jan 5 
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§  Observable at > 50° elevation from the VERITAS site.
§  39 consecutive exposures performed to tile the localization region. 
§  Each pointing observed 5 min. Avg spacing between pointings 1.83°. 
§  Observations cover ~ 27% of the containment probability of the event. 

LIGO Gravitational Wave Follow Up
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    VERITAS: Exploring new ideas

§  A Search for Brief Optical Flashes Associated with the SETI Target KIC 8462852 
(VERITAS Collaboration: arXiV:1602.00987).

§  Testing optical photometry (Data taken on Z Vul.

§  Data taken on TRAPPIST-1.

Boyajian et al. MNRAS 2015 

NASA/JPL-Caltech

VERITAS: looking for very short timescale astrophysical 
phenomena.



Citizen Science: Muon Hunter 

>40k classifications over 2 hours

1M classifications 
over a week

3 days

2 weeks

§  A citizen science project hosted on the 
Zooniverse platform.

§  VERITAS data are classified multiple times 
by individual users in order to select and 
parameterize muon events.  

§  Use this dataset to train and validate a 
convolutional neural-network model. 

VERITAS Collaboration, ICRC 2017



VERITAS by the Numbers

B2 1215+305

§  90 authors at the 2007 ICRC
§  92 authors at the 2015 ICRC 
§  55 Ph.D. Theses (since 2006)
§  90 peer-reviewed publications (since 2007)

It has been an outstanding ten years. 

Peer-reviewed/refereed only Peer-reviewed/refereed only
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Standing on the shoulders of giants ...... 

1967 - 20171967$.$2013$
Whipple$10.m$Telescope$

•  1968$10.meter$telescope$installed.$

•  1973$Only$upper$limits$on$many$
astronomical$sources.$

•  1976.82$“Dark$Ages,”$SAO$gamma.ray$
program$closed.$

•  1977.1984$$Development$of$the$$
atmospheric$Čerenkov$$imaging$
technique$(Weekes$and$Turver)$

•  1989$First$galacdc$source$(Crab$
Nebula)$detected.$

•  1992$First$extragalacdc$source$(Mrk$
421)$detected.$
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Dan Harris, 1934-2015



John Huchra, 1948-2010



Alexander Konopelko, 1962 - 2012



Simon Swordy, 1954-2010 



Trevor Weekes, 1940-2014



The Current People of VERITAS 

c. 2017. Please let me know if I missed someone.  



VERITAS Students and Postdoc Journeys

Reshmi Mukherjee 2017
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Celebrating 10 Years

Thank you for 
celebrating with us.
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Thank You

§  To our funding agencies

U.S. National Science Foundation 
U.S. Department of Energy Office of Science
The Smithsonian Institution
NSERC in Canada
Science Foundation Ireland
Irish Research Council

§  Thanks to Project Office staff for exceptionally smooth operations

§  Thanks to all our University Groups

§  The VERITAS ESAC (External Science Advisory Council)



Backup 

Is there hadronic gamma-ray emission at the positions of likely astrophysical 
neutrinos?  


