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	 VERITAS

• Four 12m Imaging Atmospheric Cherenkov Telescopes located in southern Arizona

• Energy range: 100 GeV to > 30 TeV

• Energy resolution: 15% at 1 TeV

• Angular resolution: 0.1° at 1 TeV

• Field of view: 3.5°

• Peak effective area: 100,000 m2

• Point source sensitivity: 1% Crab in < 30 hr
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	 VERITAS Science Program

47 detected sources (>5σ)

Blazars Galactic Extragalactic non-Blazar Unindentified Sources
PWN
Binary
SNR

Pulsar

Starburst
FR1

Plus Cosmic rays, Gamma-ray Burst follow up, extragalactic background 
light studies, Dark Matter, axions, Lorentz invariance...

26 detected
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	 Pair Halos Around AGN

EBL/CMB photons

AGN

> TeV ϒse+
e-

ϒ

Probe of extragalactic magnetic field strength (current lower limit B>10-17 G)

Previous results: 
MAGIC using Mrk 421 & Mrk 501

HESS using 1ES 1101-232, 1ES0229+200, PKS 2155-304
Fermi-LAT stacked analysis

 e± pairs isotropized 
for sufficiently 

strong magnetic 
field

e-
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	 Angular Profile for a Point Source

• Point source

• Angular profile → θ2: angular 
distance between shower arrival 
direction and source’s estimated 
location

• Background: flat in θ2

• Signal: sharp peak at θ2 = 0

• Extended emission from halo could 
broaden angular profile

• Broad extended emission overlaid 
on point-source beamed emission
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	 Predicted Halo Angular Profile

• EGMF strength B=10-7-10-12 G → halos

• Angular profile insensitive to exact 
strength

• Weaker field (B<10-14 G) → magnetically 
broadened cascade

• Predicted angular profile sensitive to

• Energy of γs from AGN 

• Energy/spectral index of secondary γs

• Source redshift

• EBL model 

(Aharonian & Eungwanichaypant, 2009)
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Fig. 12. Spectral luminosities of pair halos calculated for sources located at different red-
shifts, z = 0.034, 0.129, 1 and 2, for the opening angle 1◦ (left panel). Angular distributions
of gamma-rays at energies above 10 GeV (right panel).

mean free paths of gamma-rays and electrons in the intergalactic medium were an
order of magnitude shorter than at the present epoch. This should obviously result
in significant shift of the SED towards low energies and more compact halos (in
addition to the effects introduced by the redshift itself). This is demonstrated in
Fig. 12, where the spectral luminosities and angular distributions of radiation of
pair halos are shown for different redshifts of central sources. The total luminosity
of primary gamma-rays is assumed 1045 erg/s.

4.3. Dependence on the EBL models

For energy spectrum of primary gamma-rays extended to E ≤ 103 TeV, the e± pairs
are produced mainly through interactions with the EBL photons. Therefore, the
choice of the EBL model is principal for calculations of characteristics of pair halos.
To study the impact of the EBL on the pair halos, we calculated the parameters
of pair halos for two different EBL models. The EBL from P00 is based on semi-
analytic calculations. All physical processes, including the formation and evolution
of galaxies are included in the code. The EBL model M98 is based on empirical
assumptions. It adopts an EBL flux at the present epoch (z = 0, and assumes time
evolution proportional to (1 + z)3.1. These two EBL models for z = 0.129, as well
as the corresponding mean free paths of gamma-rays are shown in Fig. 13 .

In Fig. 14 we show the SEDs and angular distributions of a pair halo located at
z = 0.129 calculated for two EBL models shown in Fig. 13. One can see that while
the SEDs are quite similar at low energies, the energy spectrum corresponding to the
P00 model is significantly shifted compared to the SED predicted by the M98 EBL
model. Also, the P00 EBL model predicts sharper angular distribution, especially at
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Fig. 6. Left panel: differential angular distributions of the pair halo at z = 0.129 (in
arbitrary units); Right panel: cumulative angular distributions at different energies.

of primary gamma-rays, the results of the spectral and angular distributions of the
halo radiation becomes almost insensitive to E0.

4.1.1. Power law sources

In Fig. 9 we show the energy and angular distributions of of radiation of the pair
halo for more realistic, power-law distribution of primary gamma-rays, Q(E) ∝ E−Γ

between 100 GeV and 100 TeV, and Q(E) = 0 outside this interval. The results
calculated for three different values of Γ=1, 1.5, and 2, but for the fixed total
gamma-ray luminosity L0 = 1045 erg/s are shown in Fig. 10. The result are quite
similar which is explained by the fact that for the chosen hard energy spectra of
primary gamma-ray, the main contributions come from the energy interval close to
Emax = 100 TeV.

In Fig. 10 we show the case of primary gamma-rays with fixed power-law photon

Fig. 7. Two dimensional map of a pair halo at z = 0.129 at different gamma-ray energies.
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	 Selected Sources
Ideal candidates based on theoretical predictions:

z = 0.1 - 0.24
Hard spectrum 

Detect emission above 1 TeV

General selection criteria:
Strongly detected blazars (>10σ)

Range of redshifts
Remove flare data (1ES1959, Mrk421)

Expect best 
model-dependent 

constraints

z Γ Φ (CU) σ

Mrk 421 0.031 2.2 0.3 81.6
1ES 2344+514 0.044 2.95 0.11 9.6
1ES 1959+650 0.048 - 0.64 14.4
1ES 0229+200 0.14 2.5 0.018 11.1
1ES 1218+304 0.182 - 0.08 37.8
PG 1553+113 0.5 4.5 0.034 41.4
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	 VERITAS Pointing Monitor (VPM)
• Accurate pointing necessary for observation of extended emission

• VPM monitors telescope pointing for each observation

•  Systematic uncertainty on pointing: < 50’’

• Much smaller than angular resolution

FIGURE 1. Photo showing the location of the VPM sky and focal-plane CCD cameras mounted on each the four VERITAS
telescopes. The LEDs inside the VERITAS cameras are also noted.

Figure 1 shows a photo of one of the VERITAS telescopes and the locations of where the VPM sky and focal plane
cameras are mounted. All VPM cameras are Prosilica EC1380 CCD cameras, which are monochrome cameras with
1360 by 1024 pixels and 12 bit dynamic range. The sky camera, which is aligned with the telescope’s optical axis
and pointed at the sky, is equipped with a 75mm telephoto lens (f/1.4) giving it a resolution of ∼17.7 arcsecond per
pixel and a 6.7◦ × 5.0◦ field of view (FOV). The focal plane camera is equipped with a 50mm telephoto lens (f/1.4)
and pointed at the PMTs and light cone plate. For stars projected on the telescope’s focal plane, the camera provides a
resolution of∼10.8 arcsecond per pixel and a 4.1◦×3.1◦ field of view. The cameras are connected via FireWire cables
to a control computer mounted to the bottom of each OSS. In addition, four red LEDs are mounted near the left and
right edge of each light cone plate. The LEDs are used to determine accurate positions of the light cones in the images
from the focal plane camera.
The pointing monitors are controlled with software available to the observers and can be operated in two modes.

In calibration mode, live images from both cameras are displayed and can be saved for later analysis. This mode is
also used to measure the pointing offset of the telescope. As described in section 6 the calibration mode can also
be used to provide measurements for the T-point model of each positioner. Additionally, section 6 details how the
VPM focal plane cameras are used in taking the optical PSF measurements of each VERITAS telescope, which is an
important diagnostic and input for the !-ray simulations. In observingmode, the images from the cameras are analyzed
in real-time, as described below in section 2.3.

2.2. VPM Calibration

The VPM system relies on accurately translating the sky positions of the CCD pixels in the sky camera to the
sky positions of the VERITAS photomultiplier (PMT) pixels. The position of the LEDs in the VERITAS focal plane
relative to the positions of the light cones and the rotation and plate-scale of the PMTs are measured by pointing the
telescope at exactly 180◦ azimuth and about 0◦ declination and recording the position of a star with both cameras as it
drifts across the field of view. This calibration step is typically done only once or twice per observing season. The main
VPM calibration procedure consists of determining which CCD pixel in the sky camera corresponds to the center of
the central PMT (i.e. the telescope’s optical axis). For this measurements are taken with a white screen placed over the
light cones while the telescopes point at bright stars. These measurements are taken over a wide range of elevations.
The centroid position of each star is recorded within both the sky and focal plane cameras. These VPM calibration
measurements are taken in monthly intervals. A similar, but more involved set of measurements are taken once or
twice per year and are used to provide input to the telescope T-point models. Details of these measurement procedures

2
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	 Simulation of Point Sources
• Compare angular distribution in data against that of a point source

• θ2 distribution depends on zenith, azimuth, source spectral index

• Derive θ2 distribution for each source from simulation 

• Fit with hyperbolic secant

• Fit θ2 distribution in data with hyperbolical secant width fixed to σSIM
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 Fits with Widths Fixed to σSIM

1ES 0229+200 1ES 1218+304 PG 1553+113

1ES 1959+650 1ES 2344+514 Mrk 421
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	 Mrk 421 with Flare Data as Point Source
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April 2013 flare data Fit non-flare data with width fixed

11



	 Fit with Extended Emission Model
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ExtEmi Only

PSF+ExtEmi

Beamed emission + Extended emission

dN

dθ
∝ θ−k

Increase extended 
emission component

until fit no longer 
describes data

Predicted angular profile for pair halo 

N(θ2) = N(θ2)PS +N(θ2)EE
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	 Agreement between Data and Simulation
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	 Preliminary Model-Independent Limits  
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Upper limits on extended 
emission calculated using method 

of Helene 1983

95% CL Upper Limit (% Crab Flux)

Mrk 421 4.0%
1ES 2344+514 2.1%
1ES 1959+650 1.9%
1ES 0229+200 0.9%
1ES 1218+304 0.8%
PG 1553+113 0.8%
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	 Conclusions

• Preliminary results on search for extended emission from pair halos

• Examined blazars with a range of redshifts

• Preliminary model-independent limits set

• Plan to set model-dependent limits

• Additional sources, analysis improvements on the way

• Long-term blazar plan includes continued monitoring of these 
sources
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