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VERITAS

•Arizona: ~32° N, ~111° W, ~1300m a.s.l

•Array of four 12m ∅ IACTs
• D = 12 m; f = 12 m; f/D = 1
• Segmented mirror reflective surface:

4 x 350 mirrors, ~110 m2 each Tel.
• Camera: 499 PMTs (0.15°), ~3.5° FoV
• 3-level topological trigger
• DAQ: <10% dead time @ 300 Hz

•Metrics:
• Energy range: ~100 GeV to ~30 TeV
• Energy resolution 15% - 20%
• Angular resolution: r68 < 0.1°
• Pointing accuracy:  < 50”
• Systematic uncertainty: ΔΓ ~0.1°, ΔF ~20%
• Sensitivity: 1% Crab Nebula (5σ) ~25 hr

Wystan Benbow, “VERITAS Blazar Highlights”, 32nd ICRC, Beijing, 2011

VERITAS: A Cherenkov Telescope Array

• Arizona: ~32º N, ~111º W, 1268 m a.s.l.

• 4 identical IACTs: ~85 m “square”

• f/D ~ 1.0; D = 12 m; f = 12 m

• Segmented mirror area:  350 mirrors; ~ 106 m2

• Camera: 499 pixels (0.15º) & 3.5º FoV

• 3-level trigger: ~10% dead time; ~300 Hz

• Data: ~1000 h / year (~25% in moonlight)

• Metrics: Studies from ~100 GeV to ~30 TeV

• Detect (5!) 1% Crab Nebula source in ~25 h

• Angular resolution: r68 < 0.1º, Pointing < 50”

• Energy resolution: ~15%

• Systematic errors:  "# ~ 0.1, Flux ~ 20%

• Upgrade: New L2 trigger in 2011; Higher-QE 

cameras in 2012;  +20% sensitivity & lower Eth

1.8
 m

Very Energetic Radiation Imaging 
Telescope Array System
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Past Upgrades
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New VERITAS Sensitivity
Original VERITAS Sensitivity
Initial HESS Sensitivity
MAGIC-I Sensitivity

Array Layout: Before and After

This research is supported by grants from the U.S. Department of 
Energy, the U.S. National Science Foundation, and the Smithsonian 

Institution, by NSERC in Canada, by STFC in the UK and by 
Science Foundation Ireland.  The VERITAS collaboration 

acknowledges the hard work and dedication of the FLWO 

support staff in making the relocation of Telescope 1 possible.

Abstract and Introduction
The first VERITAS telescope was installed in 2002-2003 at the Fred Lawrence Whipple Observatory (FLWO) and was originally operated 
as a prototype instrument.  Subsequently the decision was made to locate the full array at the same site, resulting in an asymmetric array 
layout.  As anticipated, this resulted in less than optimal sensitivity due to the loss in effective area and the increase in background due to 
local muon-initiated triggers.  In the summer of 2009, the VERITAS collaboration relocated Telescope 1 to improve the overall array 
layout. This has provided a 30% improvement in sensitivity corresponding to a 60% change in the time needed to detect a source.

VERITAS [1,2] is an array of four 12m diameter imaging atmospheric Cherenkov telescopes located in southern Arizona at the FLWO at 
an altitude of 1268 m.  VERITAS detects photons from astrophysical sources at energies between 100 GeV and 30 TeV.  The relocation of 
Telescope 1 is part of an ongoing upgrade program [3] which recently included an improvement in the optical point spread function (PSF) 
[4].  This optical PSF improvement also contributes to the enhancement in sensitivity discussed here. 

VERITAS Telescope 1 Relocation:
Details and Improvements

Jeremy S. Perkins* and Gernot Maier$ 
for the VERITAS Collaboration**

Integral Flux Sensitivity

T h e t i m e n e e d e d t o 
detected a source at the 
five sigma level vs. that 
source!s flux in units of the 
Crab Nebula!s flux.  This is 
shown for the original array 
layout and for the new 
array layout with two 
different sets of event 
selection cuts.  Note that it 
would take 48 hours to 
detect a 1% Crab source 
with the original array 
layout and only 28 hours 
with the new array layout.

*Fred Lawrence Whipple Observatory, Harvard-Smithsonian Center for 
Astrophysics, Amado, AZ 85645, USA (jperkins@cfa.harvard.edu)

$McGill University, 3600 University St., Montreal, QC H3A 2TB Canada
** For a list of authors see http://veritas.sao.arizona.edu 

Integral flux sensitivity vs. energy threshold for several different 
instruments.  In red is the original VERITAS layout while the 
new VERITAS layout is shown in black (based on Crab 
observations; the dashed sections are under evaluation).  Initial 
HESS sensitivity [5] is shown as the blue dashed line and 
MAGIC-I [6] is shown as the green dashed line.  Note that the 
integral flux sensitivity improvement of VERITAS above 300 
GeV is ~30%.

Observation Time vs Flux

In Brief: The relocation of Telescope 1 has improved the sensitivity of VERITAS by 30% (60% observing time needed).

Above: aerial view of the new VERITAS 
array layout with Telescope 1 relocated 
to the front of the FLWO administrative 
complex.  The original array layout 
position is marked in yellow while the 
new one is in red.  Note the short 
distance (35m) between the original 
Telescope 1 position and the position of 
Telescope 4. Left: schematic of the 
array as viewed from directly overhead.  
The black a r row ind icates the 
relocation of Telescope 1
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Summary
The VERITAS collaboration relocated Telescope 1 and dramatically improved the optical PSF 
during the summer of 2009 as part of an ongoing upgrade program.  These studies indicate that 
the upgrades have improved the sensitivity of VERITAS by 30% resulting in a 60% change in 
the time needed to detect a source.

Energy and Angular Resolution

Left: the energy resolution of VERITAS vs. simulated energy at 
70 degrees.  Right: the angular resolution (68% containment) of 
VERITAS vs. real energy at an elevation of 70 degrees for two 
different sets of event selection cuts (black is for a Crab-like 
source and red is for a softer spectrum source).  

[1] Weekes, T. C., et al. 2002, Astro. Phys., 17 221
[2] Holder, J., et al. 2008, in AIP Conf. Series, 1085
[3] Otte, A. N., et al. 2009, Proc. of the 31st ICRC

[4] McCann, A., et al.,  20101, Astro. Phys. 30/6, 325
[5] http://www.mpi-hd.mpg.de/hfm/HESS/pages/home/proposals/
[6] http://www.astro.uni-wuerzburg.de/mphysics/

Original Layout
New Layout

Relocation of T1 (Summer 2009)

•Array more “square” (~97 m)
•30% sensitivity improvement!

Topological L2 trigger (Nov. 2011)

•Shorter coincidence:  Less NSB
•Enables diagnostics
•Potential 4L trigger
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N. OTTE FOR THE VERITAS COLLABORATION, VERITAS UPGRADE WITH HIGH EFFICIENCY PMTS

TAS cameras with high efficiency PMT, with the goal to
lower the threshold to below 100GeV and improve the
overall sensitivity of VERITAS.

2 Overview of the Upgrade Photomultiplier
R10560-100-20 MOD

The selection and evaluation process of photon-detector
candidates for the upgrade of the VERITAS cameras began
in 2008 and was finished in 2010 with the selection of the
photomultiplier R10560-100-20 MOD from Hamamatsu,
hereafter R10560. Figure 1 shows the R10560 in compari-
son to the Photonis XP2970 that is currently used in VER-
ITAS. The R10560 is a one inch photomultiplier tube with
a UV glass entrance window and a bialkali photocathode.
It is one of the relatively new PMTs with a superbialkali
photocathode that features a considerable higher quantum
efficiency than classical bialkali photocathodes.
The R10560 has a linear focused dynode structure with
eight stages that is biased in a 4, 1, 1, 1, 1, 1, 1, 1, 1 con-
figuration. The voltage divider consists of a passive divider
chain between cathode and dynode 5. Between dynode 6
and the anode the bias is stabilized by an active divider cir-
cuit. In this configuration the nominal gain is 2 · 105 at a
bias voltage of 1100V. In VERITAS the R10560 will be
operated at a gain of 2 · 105, the same gain as the XP2970
is now.

2.1 Single Photoelectron Signal Characteristics

Time [s]
-5 0 5 10 15

-910!

A
m

pl
itu

de
 [a

.u
.]

-1

-0.8

-0.6

-0.4

-0.2

0

Figure 2: Blue triangles: pulse shape of the R10560. Red
solid dots: Pulse shape of the XP2970. Each curve is the
average of a number of afterpulses. The individual after-
pulses were normalized to the same amplitude before aver-
aging.

Figure 2 compares, normalized to equal amplitudes, after-
pulses of an XP2970 and an R10560 at the input of the
digitizer boards in VERITAS. The measurement was made
on PMTs installed in VERITAS. I.e. included in the signal
shapes is the dispersion due to 185 ft of RG59 coaxial ca-
ble between the camera and the readout at the base of the

telescope. Afterpulses can be considered as a perfect pile
up of photoelectrons and thus their signal is that of a sin-
gle photoelectron signal. The single photoelectron signal
of the R10560 has a full width at half maximum (FWHM)
of 4.2 nanoseconds, which is about 40% narrower than the
pulse shape of the Photonis XP2970 (6.8 nanoseconds).
The narrower pulse shape of the R10560 will help to better
discriminate the Cherenkov light from air showers against
fluctuations in the night sky background.
Figure 3 shows a typical single photoelectron pulse-height
distribution of a R10560 that is biased at a gain of 2 · 105.
The single photoelectron peak is well resolved and sepa-
rated from the pedestal, which allows a solid calibration of
the single photoelectron amplitude. For this measurement,
the PMT was placed in a dark box and was illuminated with
a pulsed light source having an average intensity of much
less than one photon per pulse.
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Figure 3: Typical single photoelectron pulse height distri-
bution of the R10560. The single photoelectron peak is
well separated from the pedestal and well fit with a Gaus-
sian function (dashed red line).

2.2 Dynode Aging

Aging refers to the drop of gain as a function of the inte-
gral current that flows through the PMT anode. The effect
cannot be neglected in IACT because the night sky back-
ground causes a steady current of a few microampere to
flow through the dynode structure of the PMT. We have
measured the aging during the PMT selection process on
one R9800-100-20, which is the same type of PMT as the
R10560, but with a borosilicate-glass entrance window in-
stead of a UV-glass window. For the measurement the
PMT was placed in a dark box and illuminated with a
steady, low-level, light source resulting in an initial PMT
current of 45 microampere, this is more than ten times
the current during normal VERITAS observations. Dur-

Current Upgrade
High-QE PMTs (Summer 2012)

Higher QE sensitivity
lower trigger energy threshold

Photonis XP2970 PMTs

Hamamatsu R10560-100-20 
super-bialkali PMTs

•FWHM 4.2 ns 
•PDE 35% > Photonis
•~23% Cherenkov eff.

N. OTTE FOR THE VERITAS COLLABORATION, VERITAS UPGRADE WITH HIGH EFFICIENCY PMTS
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Figure 6: Photon detection efficiency, Hamamatsu QE and
PDE we measured.

results. However, the afterpulsing probabilities are a bit
lower in the second method due to the finite, 1.4 microsec-
ond, duration of the sampling.

2.4 Photon-Detection Efficiency

The high quantum efficiency (QE) of the photocathode and
the good photoelectron collection efficiency of ≈ 90% are
the main arguments in favor of the R10560. In particular
the high collection efficiency made us chose the R10560
over the R10408, which has a collection efficiency of only
75%. Figure 6 shows the quantum efficiency and pho-
ton detection efficiency of one R10560 measured in dif-
ferent setups. The solid line shows the QE measurement
by Hamamatsu, the square data points are measurements
of the photon detection efficiency (PDE) performed at the
University of California Santa Cruz (UCSC) with a setup
described in [4], and the downpointing triangles are rela-
tive PDE measurements performed in Purdue. The Pur-
due data are normalized to the UCSC measurements. The
dashed line shows the Hamamatsu QE data for the same
PMT scaled by 0.92 to reach approximate agreement with
our own data.
The scaling of the Hamamatsu data quantifies the photo-
electron collection efficiency, which is the ratio between
the PDE and the QE measurement and is 0.92 for this par-
ticular R10560. Here we did not take into account that
the collection efficiency might be wavelength dependent as
our measurements indicate. In addition, the differences be-
tween the data are to some extent subject to systematic un-
certainties, for example, due to calibration uncertainties of
the reference detectors that are used in each setup.
Folding our PDE measurement with the Cherenkov-light
spectrum in the focal plane of a VERITAS telescope, we
expect to detect on average 23% of the Cherenkov photons

with the R10560, which is a 35% higher yield than the Pho-
tons XP 2970 has.

3 Discussion and Schedule

Our evaluations have shown that a substantial improvement
of VERITAS can be achieved if the cameras are upgraded
with the R10560. The higher light yield will lower the trig-
ger threshold of VERITAS from about 100GeV down to
about 70GeV. Furthermore, the narrower pulse shapes will
allow a better discrimination of the the Cherenkov signal
against NSB photons, which is advantageous during moon-
light observations.
Because the R10560 has a smaller diameter and its pin lay-
out is incompatible with the Photonis XP2970, not only the
PMT will be replaced but the preamplifier and PMT combi-
nation, which form one easy exchangeable unit in the cam-
era. The new pixel unit consists of one Delrin tube with the
same external diameter as the XP2970. The R10560 fits
into the tube and is connected to a preamplifier. The Delrin
tube, PMT, and preamplifier combination is then inserted
into an aluminum fitting which is inserted and fixed into
the pixel supporting holey plate of the camera. For test pur-
poses, 14 pixels with the R10560 are operating presently in
one of the VERITAS telescopes.
The upgrade with high efficiency PMTs is funded and the
PMTs are being produced by Hamamatsu over the next 10
months. They will be delivered in monthly batches of 250
PMTs. At the time of writing, May 2011, the first batch
of 200 PMTs has arrived and has been tested. While each
tube is tested, amongst others, for relative throughput and
cathode surface homogeneity, on 10% of the tubes detailed
afterpulsing and efficiency measurements are performed.
These measurements we allow us to properly characterize
the upgraded cameras and perform the necessary Monte
Carlo simulations in time before the PMTs are exchanged
in summer 2012.
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90%

10%

Observing Proposals
SWGs & TAC

Discretionary
ToOs, GRBs, 

High Risk Sources

VERITAS Observation Strategy

• 800 hours/year Dark Time + 30% Moonlight = ~1100 hours total
• >90% data taken with all 4 telescopes operating
• >90% data taken with good weather conditions
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VERITAS Sky

Detected: 40 (21 blazars; 12 galactic; 2 extragalactic; 5 unidentified)
Discovered: 25  > 1/2!!!

8 source classes
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GALACTIC PROGRAM
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Binary Systems: LSI 61+303 & HESS J0632+057

While VERITAS cannot rule out the possibility that the normal emission was 
“missed” in intervening years, it appears LS I +61 303 may go through multi-
year TeV modulation....perhaps related to changes in Be star disk??
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•Monitored since 2006
•Coverage of large fraction of orbit
•Not always detected
•Not detected in 2008-2009
•Stochastic process superimposed to 
periodic process?

G. Maier talk, Monday 9th, 4:20pm

 Gernot Maier  |  VERITAS Results on gamma-ray binaries |  July,2012 

HESS J0632+057 - folded light curve (315 days orbit)

dip typical for binaries 
with wind-wind interaction
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11Monday, July 2, 12

•2004: discovered by HESS
•2009: evidence for variability (VERITAS)
•No binary companion resolved
•Until 2011 unidentified point source without obvious 
companion
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Crab Pulsar

B. Zitzer talk, Monday 9th, 11:46am

•130 hr total observation time, >10σ Li&Ma
•Search for correlation with Giant Radio Pulses, 
no correlation found
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Galactic Center

M. Beilicke talk, Thursday 12th, 12:26pm
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2.Hadron acceleration close to BG
3.Leptonic wind

IMPORTANT INPUT TO MODELS:
•Cutoff
•Variability E>10 TeV
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VERITAS observation of CTA 1
Nahee Park1 for the VERITAS Collaboration2

CTA 1 (G119.5+10.2) is a composite supernova remnant (SNR) with a shell-type structure, visible in the radio band, surrounding a smaller pulsar 
wind nebula. Fermi detected a radio-quiet pulsar PSR J0007+7303 within the radio shell. 26.5 hours of VERITAS observation revealed an 
extended TeV emission from CTA 1. The centroid of TeV emission is located near the Fermi pulsar. The emission showed an integral flux of 
~ 4% of the Crab Nebula flux (>1TeV).!An update on the source analysis with additional exposure will be presented with possible interpretations.

This research is supported by grants from the U.S. Department of Energy Office
of Science, the U.S. National Science Foundation and the Smithsonian Institution, 
by NSERC in Canada, by Science Foundation Ireland (SFI 10/RFP/AST2748) 
and by STFC in the U.K. We acknowledge the excellent work of the technical 
support staff at the Fred Lawrence Whipple Observatory and at the collaborating 
institutions in the construction and operation of the instrument.

VERITAS discovery of the source (VER J0006+729)

CTA 1 (G 119.5+10.2)

Fig.3 VERITAS excess map with circular integration area of 0.055 deg2. 
White contour line shows 1420MHz radio map from DRAO (Dominion radio Astrophysical 
Observatory) synthesis telescope [1]. Cross mark indicates the position of the pulsar [3].

PSF 

Composite type SNR
Shell type morphology in radio & center filled in x-ray

Distance : 1.4 ± 0.3 kpc (H! shell measurement) [1]
Age : ~ 1.3 " 104 yr [2]

The source region contains
Radio SNR shell
EGRET source (3EG J0010+7309)
Fermi pulsar (PSR J0007+7303)
X-ray point source (pulsar) & diffuse emission (PWN)

Radio quiet, x-ray & gamma-ray pulsar 
with spin down energy of  ~ 4.5 !  1035 erg s-1 
and its pulsar wind nebula (PWN) Fig.1 Continuum emission from CTA 1 at 1420 MHz [1] with x-ray 

contours correspond to the ROSAT PSPC image [2]. 

[1]   Pineault, S. et al., 1997, A&A, 324, 1152
[2] Slane, P. et al. J. 2004, ApJ, 601, 1045
[3] Abdo, A. A., et al. 2008, Science, 322, 1218
[4] Pineault, S. et al., S. 1993, AJ, 105, 1060
[5] Temim, T. et al., 2009, ApJ, 691, 895
[6] Roberts, M.S.E., Romani, R.W., & Kawai, N. 2001, ApJ, 133, 451

1. University of Chicago  2.http://veritas.sao.arizona.edu/

Fig.2 XMM-Newton 93 ks EPIC/MOS1+2 image (0.5–10 keV; pixel size 4′′; smoothed 
with the r = 12′′ Gaussian kernel) of PSR J0007+7303 and its vicinity showing the X-
ray PWN. The inset is the higher resolution Chandra ACIS image (0.5–8 keV; pixel size 2′′, 
smoothed with the r = 4′′ Gaussian kernel). The arrow in the inset image shows likely 
direction of the pulsar proper motion (based on the shape of the compact PWN). The 
Chandra point source accounts for ∼ 30% of the flux of RX J0007.0+7303, with the 
compact nebula plus jet comprising the remaining ∼ 70%.

Comparison with other relic PWNe

Fig.6 Pulsar spin-down luminosity vs age [9], with CTA 1 point 
overlaid. Filled circles: X-ray (red) and TeV (blue) luminosities of 
PWNe or PWN candidates. 
Larger circle sizes correspond to higher luminosities in the 
corresponding waveband. Small black dots denote ATNF catalog 
pulsars.

Fig.7 Plot of the ratio of TeV to X-ray luminosity vs pulsar spin-
down age [9], with CTA 1 shown by red triangle. Thick and thin 
errorbars correspond to firm and tentative (or questionable) PWN 
associations (see [9] for further details).

At the distance of 1.4 kpc the > 1 TeV luminosity of the PWN in CTA 1 is 9.4 " 1032 erg s"1. 
CTA 1 fits in with the picture that TeV PWNe are generally found around pulsars with 
ages ≲ 100 kyrs and E ≲ 1035 erg s"1, although the TeV luminosities do not depend on the 
pulsar age nearly as much as the X-ray PWNe luminosities do.
Thus comparison of CTA 1 with the TeV/X-ray PWN population supports the PWN 
origin of the TeV emission.

Observation time
2010 Sep.~2011 Jan. : 25 hr 39 min.
2011 Sep.~2011 Dec.: 15 hr 36 min.

6.5 std.dev. excess with Ethr=1TeV
Extended morphology

0.30º (±0.03º) " 0.24º (±0.03º) 
(With asymmetric 2-D Gaussian fit)

Centroid
00h 06m 26s +72º 59! 1.0" (J2000)
(5′ from PSR J0007+7303)

Flux ( > 1TeV)
4.0 " 10-12 erg cm-2 s-1

(Assuming power-law distribution)
~ 4 % of Crab Nebula flux
~ 0.2 % of the pulsar spin-down 
luminosity at 1.4 kpc

SNR scenario : No shell emission. And the extent of VER J0006+729 is 
much smaller than radio shell. No evidence for a dense molecular 
cloud at any other wavelength including 60 #m IR or HI maps [4].
PWN scenario : The non-thermal emission is seen to match well with 
the TeV emission morphology. (Fig.4) Also, a comparison of CTA 1 
with the TeV/X-ray population looks reasonable. (Fig. 6 &7)
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The nature of the TeV source

Fig.4 ASCA GIS image (4 – 10 keV) of the SNR CTA 1 [6]. The position 
of PSR J0007+7303 is marked by the cross. The 1420 MHz radio 
contours are shown in white. The VERITAS significance contours at 3, 4, 
5, and 6" are shown in green.

Fig.5 Broadband emission from CTA 1, along with a model for synchrotron and inverse 
Compton emission from the PWN. Upper limit on radio emission of PWN was derived by 
considering a range of spectral index values between 0.0 and 0.3, typically seen in 
radio. The model is a poor fit to the reported Fermi-LAT spectrum [8]. We have 
considered additional photon fields to produce enhanced inverse Compton emission at 
GeV energies, but have been unable to reproduce the published spectral index.

TeV emission may be explained by the relic PWN pushed to one side (i.e. 
NW of the pulsar) by the reverse shock that has arrived from the SE 
direction. (Similar to G G327.1-1.1 [5].)

c.f. Possibility of TeV emission coming from a trail of aged relativistic 
electrons left behind the fast moving pulsar : Estimated distance ( # 3(n/
0.01 cm"3)"1/2($/1.3 " 104 yrs)B-4 d1.4"1 arcminutes) is much less than the
                                              size of the SNR, the extent of the TeV source,
                                              and it is even less than the extent of large-scale
                                               X-ray PWN seen in the XMM-Newton and
                                               ASCA images.

Hypothesis of extended morphology of the TeV source

Figure 5 shows the archival broadband data for CTA 1 along with the emission 
predicted for the dynamical model for the evolution of a PWN inside a non-
radiative SNR [7], assuming a broken power law injection of particles from the 
pulsar, for which a braking index of 3 is assumed. The model parameters are 
summarized in Table 1.
~80% of the spin-down power appearing in the form of particle flux. Like most 
such systems, CTA 1 is thus a particle-dominated PWN.

Spectral energy distribution of CTA 1

Parameter Value

Input : Input : 

Explosion Energy, ESN 1051 erg (fixed)

Ejecta Mass, Mej 6 M⊙

Ambient density, n0 0.07 cm-3

Initial spin-down, %0 7.5 " 1036 erg s-1

Spin-down timescale, $0 3.2 " 103 yr

Braking index, n 3 (fixed)

&B 2 " 10-1

'1 0.5

'2 2.8

Break energy, Eb 50 GeV

Output :Output :

Age 1.0 " 104 yr

BPWN 6.3 #G

% 4.4 " 1035 erg s-1

$e 1.3 " 104 yr

P0 155 ms

Table 1 Model parameters for broadband 
emission from CTA 1. Parameter definition 
from [7].

[7] Gelfand, J. D, Slane, P. O. & Zhang, W. 2009, ApJ, 703, 2051
[8] Abdo, A. A., et al. 2012, ApJ, 744, 146
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Further details of the results will be published soon (Aliu et al., (2012)). 

SNR: CTA1

VERITAS observation of CTA 1
Nahee Park1 for the VERITAS Collaboration2

CTA 1 (G119.5+10.2) is a composite supernova remnant (SNR) with a shell-type structure, visible in the radio band, surrounding a smaller pulsar 
wind nebula. Fermi detected a radio-quiet pulsar PSR J0007+7303 within the radio shell. 26.5 hours of VERITAS observation revealed an 
extended TeV emission from CTA 1. The centroid of TeV emission is located near the Fermi pulsar. The emission showed an integral flux of 
~ 4% of the Crab Nebula flux (>1TeV).!An update on the source analysis with additional exposure will be presented with possible interpretations.
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VERITAS discovery of the source (VER J0006+729)

CTA 1 (G 119.5+10.2)

Fig.3 VERITAS excess map with circular integration area of 0.055 deg2. 
White contour line shows 1420MHz radio map from DRAO (Dominion radio Astrophysical 
Observatory) synthesis telescope [1]. Cross mark indicates the position of the pulsar [3].

PSF 

Composite type SNR
Shell type morphology in radio & center filled in x-ray

Distance : 1.4 ± 0.3 kpc (H! shell measurement) [1]
Age : ~ 1.3 " 104 yr [2]

The source region contains
Radio SNR shell
EGRET source (3EG J0010+7309)
Fermi pulsar (PSR J0007+7303)
X-ray point source (pulsar) & diffuse emission (PWN)

Radio quiet, x-ray & gamma-ray pulsar 
with spin down energy of  ~ 4.5 !  1035 erg s-1 
and its pulsar wind nebula (PWN) Fig.1 Continuum emission from CTA 1 at 1420 MHz [1] with x-ray 

contours correspond to the ROSAT PSPC image [2]. 
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Fig.2 XMM-Newton 93 ks EPIC/MOS1+2 image (0.5–10 keV; pixel size 4′′; smoothed 
with the r = 12′′ Gaussian kernel) of PSR J0007+7303 and its vicinity showing the X-
ray PWN. The inset is the higher resolution Chandra ACIS image (0.5–8 keV; pixel size 2′′, 
smoothed with the r = 4′′ Gaussian kernel). The arrow in the inset image shows likely 
direction of the pulsar proper motion (based on the shape of the compact PWN). The 
Chandra point source accounts for ∼ 30% of the flux of RX J0007.0+7303, with the 
compact nebula plus jet comprising the remaining ∼ 70%.

Comparison with other relic PWNe

Fig.6 Pulsar spin-down luminosity vs age [9], with CTA 1 point 
overlaid. Filled circles: X-ray (red) and TeV (blue) luminosities of 
PWNe or PWN candidates. 
Larger circle sizes correspond to higher luminosities in the 
corresponding waveband. Small black dots denote ATNF catalog 
pulsars.

Fig.7 Plot of the ratio of TeV to X-ray luminosity vs pulsar spin-
down age [9], with CTA 1 shown by red triangle. Thick and thin 
errorbars correspond to firm and tentative (or questionable) PWN 
associations (see [9] for further details).

At the distance of 1.4 kpc the > 1 TeV luminosity of the PWN in CTA 1 is 9.4 " 1032 erg s"1. 
CTA 1 fits in with the picture that TeV PWNe are generally found around pulsars with 
ages ≲ 100 kyrs and E ≲ 1035 erg s"1, although the TeV luminosities do not depend on the 
pulsar age nearly as much as the X-ray PWNe luminosities do.
Thus comparison of CTA 1 with the TeV/X-ray PWN population supports the PWN 
origin of the TeV emission.

Observation time
2010 Sep.~2011 Jan. : 25 hr 39 min.
2011 Sep.~2011 Dec.: 15 hr 36 min.

6.5 std.dev. excess with Ethr=1TeV
Extended morphology

0.30º (±0.03º) " 0.24º (±0.03º) 
(With asymmetric 2-D Gaussian fit)

Centroid
00h 06m 26s +72º 59! 1.0" (J2000)
(5′ from PSR J0007+7303)

Flux ( > 1TeV)
4.0 " 10-12 erg cm-2 s-1

(Assuming power-law distribution)
~ 4 % of Crab Nebula flux
~ 0.2 % of the pulsar spin-down 
luminosity at 1.4 kpc

SNR scenario : No shell emission. And the extent of VER J0006+729 is 
much smaller than radio shell. No evidence for a dense molecular 
cloud at any other wavelength including 60 #m IR or HI maps [4].
PWN scenario : The non-thermal emission is seen to match well with 
the TeV emission morphology. (Fig.4) Also, a comparison of CTA 1 
with the TeV/X-ray population looks reasonable. (Fig. 6 &7)
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The nature of the TeV source

Fig.4 ASCA GIS image (4 – 10 keV) of the SNR CTA 1 [6]. The position 
of PSR J0007+7303 is marked by the cross. The 1420 MHz radio 
contours are shown in white. The VERITAS significance contours at 3, 4, 
5, and 6" are shown in green.

Fig.5 Broadband emission from CTA 1, along with a model for synchrotron and inverse 
Compton emission from the PWN. Upper limit on radio emission of PWN was derived by 
considering a range of spectral index values between 0.0 and 0.3, typically seen in 
radio. The model is a poor fit to the reported Fermi-LAT spectrum [8]. We have 
considered additional photon fields to produce enhanced inverse Compton emission at 
GeV energies, but have been unable to reproduce the published spectral index.

TeV emission may be explained by the relic PWN pushed to one side (i.e. 
NW of the pulsar) by the reverse shock that has arrived from the SE 
direction. (Similar to G G327.1-1.1 [5].)

c.f. Possibility of TeV emission coming from a trail of aged relativistic 
electrons left behind the fast moving pulsar : Estimated distance ( # 3(n/
0.01 cm"3)"1/2($/1.3 " 104 yrs)B-4 d1.4"1 arcminutes) is much less than the
                                              size of the SNR, the extent of the TeV source,
                                              and it is even less than the extent of large-scale
                                               X-ray PWN seen in the XMM-Newton and
                                               ASCA images.

Hypothesis of extended morphology of the TeV source

Figure 5 shows the archival broadband data for CTA 1 along with the emission 
predicted for the dynamical model for the evolution of a PWN inside a non-
radiative SNR [7], assuming a broken power law injection of particles from the 
pulsar, for which a braking index of 3 is assumed. The model parameters are 
summarized in Table 1.
~80% of the spin-down power appearing in the form of particle flux. Like most 
such systems, CTA 1 is thus a particle-dominated PWN.

Spectral energy distribution of CTA 1

Parameter Value

Input : Input : 

Explosion Energy, ESN 1051 erg (fixed)

Ejecta Mass, Mej 6 M⊙

Ambient density, n0 0.07 cm-3

Initial spin-down, %0 7.5 " 1036 erg s-1

Spin-down timescale, $0 3.2 " 103 yr

Braking index, n 3 (fixed)

&B 2 " 10-1

'1 0.5

'2 2.8

Break energy, Eb 50 GeV

Output :Output :

Age 1.0 " 104 yr

BPWN 6.3 #G

% 4.4 " 1035 erg s-1

$e 1.3 " 104 yr

P0 155 ms

Table 1 Model parameters for broadband 
emission from CTA 1. Parameter definition 
from [7].
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Further details of the results will be published soon (Aliu et al., (2012)). 

VERITAS observation of CTA 1
Nahee Park1 for the VERITAS Collaboration2

CTA 1 (G119.5+10.2) is a composite supernova remnant (SNR) with a shell-type structure, visible in the radio band, surrounding a smaller pulsar 
wind nebula. Fermi detected a radio-quiet pulsar PSR J0007+7303 within the radio shell. 26.5 hours of VERITAS observation revealed an 
extended TeV emission from CTA 1. The centroid of TeV emission is located near the Fermi pulsar. The emission showed an integral flux of 
~ 4% of the Crab Nebula flux (>1TeV).!An update on the source analysis with additional exposure will be presented with possible interpretations.
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VERITAS discovery of the source (VER J0006+729)

CTA 1 (G 119.5+10.2)

Fig.3 VERITAS excess map with circular integration area of 0.055 deg2. 
White contour line shows 1420MHz radio map from DRAO (Dominion radio Astrophysical 
Observatory) synthesis telescope [1]. Cross mark indicates the position of the pulsar [3].
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Distance : 1.4 ± 0.3 kpc (H! shell measurement) [1]
Age : ~ 1.3 " 104 yr [2]

The source region contains
Radio SNR shell
EGRET source (3EG J0010+7309)
Fermi pulsar (PSR J0007+7303)
X-ray point source (pulsar) & diffuse emission (PWN)

Radio quiet, x-ray & gamma-ray pulsar 
with spin down energy of  ~ 4.5 !  1035 erg s-1 
and its pulsar wind nebula (PWN) Fig.1 Continuum emission from CTA 1 at 1420 MHz [1] with x-ray 

contours correspond to the ROSAT PSPC image [2]. 
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Fig.2 XMM-Newton 93 ks EPIC/MOS1+2 image (0.5–10 keV; pixel size 4′′; smoothed 
with the r = 12′′ Gaussian kernel) of PSR J0007+7303 and its vicinity showing the X-
ray PWN. The inset is the higher resolution Chandra ACIS image (0.5–8 keV; pixel size 2′′, 
smoothed with the r = 4′′ Gaussian kernel). The arrow in the inset image shows likely 
direction of the pulsar proper motion (based on the shape of the compact PWN). The 
Chandra point source accounts for ∼ 30% of the flux of RX J0007.0+7303, with the 
compact nebula plus jet comprising the remaining ∼ 70%.

Comparison with other relic PWNe

Fig.6 Pulsar spin-down luminosity vs age [9], with CTA 1 point 
overlaid. Filled circles: X-ray (red) and TeV (blue) luminosities of 
PWNe or PWN candidates. 
Larger circle sizes correspond to higher luminosities in the 
corresponding waveband. Small black dots denote ATNF catalog 
pulsars.

Fig.7 Plot of the ratio of TeV to X-ray luminosity vs pulsar spin-
down age [9], with CTA 1 shown by red triangle. Thick and thin 
errorbars correspond to firm and tentative (or questionable) PWN 
associations (see [9] for further details).

At the distance of 1.4 kpc the > 1 TeV luminosity of the PWN in CTA 1 is 9.4 " 1032 erg s"1. 
CTA 1 fits in with the picture that TeV PWNe are generally found around pulsars with 
ages ≲ 100 kyrs and E ≲ 1035 erg s"1, although the TeV luminosities do not depend on the 
pulsar age nearly as much as the X-ray PWNe luminosities do.
Thus comparison of CTA 1 with the TeV/X-ray PWN population supports the PWN 
origin of the TeV emission.

Observation time
2010 Sep.~2011 Jan. : 25 hr 39 min.
2011 Sep.~2011 Dec.: 15 hr 36 min.

6.5 std.dev. excess with Ethr=1TeV
Extended morphology

0.30º (±0.03º) " 0.24º (±0.03º) 
(With asymmetric 2-D Gaussian fit)

Centroid
00h 06m 26s +72º 59! 1.0" (J2000)
(5′ from PSR J0007+7303)

Flux ( > 1TeV)
4.0 " 10-12 erg cm-2 s-1

(Assuming power-law distribution)
~ 4 % of Crab Nebula flux
~ 0.2 % of the pulsar spin-down 
luminosity at 1.4 kpc

SNR scenario : No shell emission. And the extent of VER J0006+729 is 
much smaller than radio shell. No evidence for a dense molecular 
cloud at any other wavelength including 60 #m IR or HI maps [4].
PWN scenario : The non-thermal emission is seen to match well with 
the TeV emission morphology. (Fig.4) Also, a comparison of CTA 1 
with the TeV/X-ray population looks reasonable. (Fig. 6 &7)
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The nature of the TeV source

Fig.4 ASCA GIS image (4 – 10 keV) of the SNR CTA 1 [6]. The position 
of PSR J0007+7303 is marked by the cross. The 1420 MHz radio 
contours are shown in white. The VERITAS significance contours at 3, 4, 
5, and 6" are shown in green.

Fig.5 Broadband emission from CTA 1, along with a model for synchrotron and inverse 
Compton emission from the PWN. Upper limit on radio emission of PWN was derived by 
considering a range of spectral index values between 0.0 and 0.3, typically seen in 
radio. The model is a poor fit to the reported Fermi-LAT spectrum [8]. We have 
considered additional photon fields to produce enhanced inverse Compton emission at 
GeV energies, but have been unable to reproduce the published spectral index.

TeV emission may be explained by the relic PWN pushed to one side (i.e. 
NW of the pulsar) by the reverse shock that has arrived from the SE 
direction. (Similar to G G327.1-1.1 [5].)

c.f. Possibility of TeV emission coming from a trail of aged relativistic 
electrons left behind the fast moving pulsar : Estimated distance ( # 3(n/
0.01 cm"3)"1/2($/1.3 " 104 yrs)B-4 d1.4"1 arcminutes) is much less than the
                                              size of the SNR, the extent of the TeV source,
                                              and it is even less than the extent of large-scale
                                               X-ray PWN seen in the XMM-Newton and
                                               ASCA images.

Hypothesis of extended morphology of the TeV source

Figure 5 shows the archival broadband data for CTA 1 along with the emission 
predicted for the dynamical model for the evolution of a PWN inside a non-
radiative SNR [7], assuming a broken power law injection of particles from the 
pulsar, for which a braking index of 3 is assumed. The model parameters are 
summarized in Table 1.
~80% of the spin-down power appearing in the form of particle flux. Like most 
such systems, CTA 1 is thus a particle-dominated PWN.

Spectral energy distribution of CTA 1

Parameter Value

Input : Input : 

Explosion Energy, ESN 1051 erg (fixed)

Ejecta Mass, Mej 6 M⊙

Ambient density, n0 0.07 cm-3

Initial spin-down, %0 7.5 " 1036 erg s-1

Spin-down timescale, $0 3.2 " 103 yr

Braking index, n 3 (fixed)

&B 2 " 10-1

'1 0.5

'2 2.8

Break energy, Eb 50 GeV

Output :Output :

Age 1.0 " 104 yr

BPWN 6.3 #G

% 4.4 " 1035 erg s-1

$e 1.3 " 104 yr

P0 155 ms

Table 1 Model parameters for broadband 
emission from CTA 1. Parameter definition 
from [7].
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Further details of the results will be published soon (Aliu et al., (2012)). 

•Composite SNR, shell-type structure
•VERITAS VHE discovery VER J0006+729
•TeV emission in broadband SED compatible with 
synchrotron IC
•Comparison with other relic PWNe: typical TeV PWN 
around  pulsar with age < 100kyr and E ≲ 1035 erg s-1

N. Park, poster
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MILAGRO Diffuse TeV Sources

MGRO J2228+61

MGRO J2019+37

VERITAS improves location 
of 2 MGRO TeV sources

VERITAS + MWL suggest that emission is 
overlap of several sources
although PWN might be dominant

E. Aliu talk, Tuesday 10th, 3:15pm



Nicola Galante for the VERITAS coll. Gamma2012, Heidelberg, July 9-13, 2012

AGN PROGRAM



Nicola Galante for the VERITAS coll. Gamma2012, Heidelberg, July 9-13, 2012

~2000 hr since Sept. `07, ~420 hr/yr

• VERITAS detected 22 AGNs
• 21 blazars (15 HBL, 5 IBL, 1 LBL), 1 RG, no FSRQs so far 

(~25% without z)
• 14 discovered (Whipple: 4 HBL - VERITAS: 6 HBL + 4 IBL)

• All observations in MWL
• Monitoring & ToO
• VHE (HESS/MAGIC), HE (Fermi), X-ray (Chandra, XMM, 

Swift, XTE, Suzaku), Optical (MMT, MDM, Super-LOTIS, other 
FLWO: 48”), Radio (VLA, VLBA) 

• Strategy
• `07-10: 80% discovery, 20% known sources

• `10-11: 40% discovery, 60% known sources

W. Benbow, poster
L. Fortson, poster
H. Prokoph, poster

Wystan Benbow, “VERITAS Blazar Highlights”, 32nd ICRC, Beijing, 2011

Tidbits from Other VHE Blazar Studies

• Detection of B2 1215+30 (an IBL @ z = ?):

• ~7!; 42 h in "11,  34 h in "08-10; most from 1ES 1218+304

• ~2% Crab Nebula in "11;  #VHE ~ 3.0 vs #2FGL = 2.02 ± 0.04

• c.f. 2% Crab Nebula by MAGIC in Jan. "11; ATel #3100

• VERITAS flux higher in "11 than in "08-10

• Modeling of SED including Fermi-LAT, Swift, optical in prep.

• 1st detection of H 1426+428 since "02: 

• Classic VHE HBL @ z = 0.129;  ~22 h in "07-11;  5.2!

• Flux ~ 2% Crab Nebula;  c.f. discovery ~13% Crab Nebula  

• Flare of 1ES 0806+524 in "11 (HBL; z = 0.138):  

• ~6! in ~5 h during optical high state;  VHE flux ~3x higher

•  MAGIC also reported flare (~3x) in "11; ATel #3208

1ES 1218+304

W Com

B2 1215+30

Preliminary

1ES 1218+304 B2 1215+30

W Com

Moving from discovery mode to a detailed characterization of the source
Discovery program moving to a ToO (incl. Optical!) strategy
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SOURCE TYPE REDSHIFT DATE EXTRA

Markarian 421 HBL 0.031 Whipple

Markarian 501 HBL 0.034 Whipple

1ES 2344+514 HBL 0.044 Whipple

1ES 1959+650 HBL 0.048 Whipple

H 1426+428 HBL 0.129 Whipple

M 87 FR I 0.004 07/2007

1ES 1218+304 HBL 0.182 03/2008

1ES 0806+524 HBL 0.138 03/2008 ATel #1415

W Comae IBL 0.102 03/2008 ATel 1422

3C 66A IBL 0.444 ? 10/2008 ATel #1753

RGB J0710+591 HBL 0.125 02/2009 ATel #1941

PKS 1424+240 IBL - 06/2009 ATel #2084

RGB J0521.8+2112 HBL - 10/2009 ATEL #2260, ATel #2309. We confirmed HBL designation.

RBS 0413 HBL 0.190 10/2009 ATel #2272

1ES 0502+675 HBL - 11/2009 ATel #2301

1ES 0229+290 HBL 0.140 11/2009

RX J0648.7+1516 HBL 0.179 03/2010 ATel #2486; We measured z & confirmed an HBL

1ES 0414+009 HBL 0.287 03/2010

PG 1553+113 HBL - 05/2010 HST reports a rock-solid z > 0.43 based on Lyman alpha observations

1ES 1440+122 IBL 0.162 08/2010 ATel #2786

B2 1215+30 IBL - 05/2011

BL Lac LBL 0.069 06/2011 ATel #3459

The VERITAS AGN Science Program
VER J catalog started
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SOURCE TYPE REDSHIFT Log10(νsync) Flux [ % Crab ] ΓVER Γ2FGL

1ES 0806+524 HBL 0.138 16.6 2% 3.6 ± 1.0 1.94 ± 0.06

W Comae IBL 0.102 14.8 Flares (9%-23%) 3.8 ± 0.4 2.02 ± 0.03

3C 66A IBL 0.444 ? 15.6 Variable, avg. 6% 4.1 ± 0.4 1.85 ± 0.02

RGB J0710+591 HBL 0.125 21.1 3% 2.7 ± 0.3 1.53 ± 0.12

PKS 1424+240 IBL - 15.7 5% 3.8 ± 0.5 1.78 ± 0.02

RGB J0521.8+2112 HBL - HBL Variable, avg. 5% 3.5 ± 0.2 1.93 ± 0.03

RBS 0413 HBL 0.190 17.0 2% 3.2 ± 0.7 1.55 ± 0.11

1ES 0502+675 HBL - 19.2 6% 3.9 ± 0.4 1.49 ± 0.07

RX J0648.7+1516 HBL 0.179 HBL 2% 4.4 ± 0.8 1.74 ± 0.11

1ES 1440+122 IBL 0.162 16.5 1% 3.4 ± 0.7 1.41 ± 0.18

AVERAGEAVERAGEAVERAGEAVERAGE 4% 3.6 (EBL effect) 1.7

VERITAS AGN Discoveries

All discoveries triggered MWL follow-up and published (or are in the 
process) SEDs including data from MWL partners

pre-1FGL: observations motivated by EG, bright X-ray component, observability, z<0.5
post-1FGL: emphasis on LAT-extrapolated spectra
Identification of object through VHE-motivated observations
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IBLs & LBLs

• 5 IBLs: 3C 66A, W Com, PKS 1424+240, B2 1215, 1ES 1440
• Average of requested observation time: >100 hr each
• Taken ~20-25 hr/each since 2010
• All blazars detected
• Fluxes significantly lower than initial discovery: low/quiescent state?

• 2 LBLs: BL Lacertae, S5 0716+714
• Average of requested observation time: >100 hr each
• Taken ~25-30 hr/each since 2010
• Neither of them detected in low state
• BL Lacertae flare detected in June 2011

IBL-VHE catalog started!
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Other Classical Blazars: Mrk 421

• Large MWL observational campaign 
since 2006 (Whipple & VERITAS)

• Two phases of increased X-ray activity 
(2006 & 2008)

• Good X-ray/TeV coverage in second 
phase

• Spectral evolution in TeV: correlation 
between Flux vs. Γ
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Rapid Flare of BL Lacertae

Wystan Benbow, “VERITAS Blazar Highlights”, 32nd ICRC, Beijing, 2011

Highlights from the ToO Program

BL Lac Flare (Preliminary)

Sunrise

4-min bins

• Rapid Flare of BL Lacertae:  ATel #3459

• Fall !10 monitoring: ~10 h;  Flux < 3% Crab Nebula

• May/June !11 Optical / LAT ToO:  ~5 h; < 3% Crab Nebula

• June 28 (UTC):  40-min flare; ~20" detection in moonlight; 

see Majumdar!s OG 2.3 talk

• ~50% Crab Nebula to ~10% Crab Nebula in 20-min; 

Flux halves in 4 minutes;  Not detected 3 days later

• Soft spectrum:  # = 3.4 ± 0.4

• NB: MAGIC !05-06 VHE flare: 3% Crab Nebula;  # ~ 3.6  

• Swift J1644+517: Flux limits from 28 h over 2 weeks;  

Birth of a blazar?  arXiv:1107.1738

• Flare of 1ES 1959+650: Whipple 10-m ToO in !10

• ~30% Crab Nebula, # ~2.4; c.f. ~10% Crab Nebula, # ~2.6

• Many upper limits from LAT/optical ToOs:  
Discovery data & VHE FSRQs; Errando!s talk in OG 2.3 

• MAGIC discovery 2005-2006, flux ~3% Crab, no variability, Γ ~3.6

• VERITAS Monitoring started in 2010
• No detection, UL < 3% Crab
• May 2011 several observatories 

reported increase in activityOn June 28th, a flare was observed by 
VERITAS (3 telescope data) during  a 40-min 
observation (moonlight) .  
 
Twilight stopped further observations  
 

Run # 1 (20 min) > 20 !"#$%&"'()*""
+,*-.)"/.-0""12"3%%"4,56 
Run # 2 (20 min) ~ 5  , ~10% Crab  
Nebula flux  (>300 GeV) (ATEL #3459) 
 
No clear signal observed during 7 
hours of observation over several  
nights preceding the night of the flare 
 

 Soft spectrum,  = -3.4+/-0.4  
 

 Fermi-  
 hardening of spectral index  (see ATEL #3462) 

  
 
  
 

    
!

7(,.898:)(;"
• June 28th VERITAS (3T, twilight) observed a flare 

on a 40 min observation
• Run #1: 20σ, ~50% Crab (E > 300 GeV)
• Run #2:   5σ, ~10% Crab (E > 300 GeV)
• Soft spectrum Γ = 3.4 ± 0.4
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M 87: 2010 VHE flare & 10 years of MWL observations 5

Fig. 1.— Multi-wavelength lightcurve of M 87 from 2001 to 2011. Where the instrumental resolution allows for it the flux for different spatial components in

the jet is shown. Grey vertical bands mark the times of increased VHE activity in 2005, 2008, & 2010. The dashed line and the grey horizontal band in the 2nd

panel marks the average flux with 1 s.d. error measured by Fermi/LAT. The radio flux of HST-1 at different frequencies has been normalized to the 5 GHz flux

assuming a spectrum S ν ∼ ν−α with α = 0.6. All errors shown are the 1 s.d. statistical errors except for the LT data where the uncertainty on the contribution

from the galaxy is included in the error bars. For details on the data, the data analysis, and references see text.

Extensive MWL campaign over several years: 
VHE: VERITAS, MAGIC, HESS (80 hr tot)
HE: Fermi
X-ray: Chandra
Optical: HST, Liverpool Telescope
Radio: VLBA (43 GHz, 2.3 GHz, 1.7 GHz), VLA ( 22 
GHz), EVN (5 GHz), Mojave (VLBA 15 GHz)

3 flaring episodes (maybe 4)

Acciari et al. (VERITAS collab.), ApJ, 679, 397 (2008)
Acciari et al. (VERITAS, HESS, MAGIC collab.), Science, 325, 444 (2009)

Acciari et al. (VERITAS collab.), ApJ, 716, 819 (2010)

Non-Blazar AGNs: M 87

HESS, MAGIC, VERITAS ApJ, 746, 151 (2012)
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LIV from Crab Pulsar
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Conclusions

•VERITAS is operating well and is matching its scientific goals 

•VERITAS has been upgraded over the years (past and present) with successful 
increases in sensitivity and performances 

•The VERITAS science program is well structured, rich and balanced

•Variability study of binary system

•First measurement of VHE power law in pulsars, limits on LIV

•Probing the inner composition of MILAGRO extended regions

•VERITAS started the IBL catalog at VHE, new VHE sub-class of blazars

•Huge flare on Mrk 421 triggered by VERITAS monitoring to MWL partners, 
variability and spectral evolution study on progress

•Hint from VERITAS catalog:     HBL ➔ SSC       IBL ➔ SSC+EC

•Limits on redshift from VHE observations

•Radio Galaxy program provides insights of the sub-structures of the jet and core

•Strongest limits on WIMP annihilation cross section from dSph


