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Atmospheric Cherenkov Gamma-ray Telescopes 7

Fig. 5. An illustration of the stereoscopic imaging technique. A gamma-ray triggers an elec-
tromagnetic cascade in the Earth’s atmosphere, which generates Cherenkov radiation in a pool
on the ground. Telescopes within this light pool are used to form an image of the shower, which
allows reconstruction of the arrival direction of the incident primary photon.

made up of hundreds of individual mirror facets.
The second requirement is for a large field-of-view. Cherenkov images from air

showers are approximately elliptical in shape, with an angular extent of up to a few
degrees. The images are o↵set from the arrival direction of the shower primary - in
the case of gamma-ray initiated showers, this means that the image is o↵set from the
gamma-ray source position in the field-of-view. The angular distance of the o↵set
is proportional to the shower impact parametera (Figure 5). Even a point source of
gamma-rays, therefore, requires a field-of-view of a few degrees diameter. In reality,
many known sources of gamma-ray emission (particularly supernova remnants and
pulsar wind nebulae) have a large angular extent. Additionally, analysis of ACT
data typically uses a portion of the field-of view in which there are no known gamma-
ray sources to estimate the background of remaining cosmic ray showers. Currently
operating arrays have fields-of-view of 3� � 5�, while plans for the next generation
of instruments reach 8� � 10�.

The requirement for a very large field-of-view for each telescope dictates a small

aThe distance between the shower core projected onto the ground and the telescope.

FLW Observatory in southern AZ

Energy range: ~85 GeV - 30 TeV

Angular resolution: 0.1° @ 1 TeV


Field of view: 3.5°


Multiple telescopes 

for stereoscopic imaging

very-high-energy 

γ-ray

air shower

Cherenkov 
light pool

Photomultiplier tube cameras 
for faint & fast signal 
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Electromagnetic Cascades 
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Plasma Beam Instabilities? 

Energy loss of e+e- pairs due to plasma instabilities?

Relative cooling timescales determine cascade development
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Following results assume inverse-Compton 
cooling to be dominant effect
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Electromagnetic Cascades & IGMF

Magnetic field deflects e+e- pairs

Path length to observer increases 
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IGMF Strength Regimes

10-12 G < B < 10-7 G

“Pair halo”


e+e- pairs isotropize around source

Angular extension

tcascade >>> tprimary

10-16 G < B < 10-12 G

“Magnetically broadened cascade”


Angular extension

tcascade >> tprimary

B < 10-16 G

No angular extension


Spectral or timing measurements

tcascade > tprimary 

NB: Indicative values

for VHE regime
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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

• Width → point spread 

function (PSF)
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Predicted Energy/Angular Profiles

• Semi-analytic 3D cascade simulation from T. Weisgarber

• Jet: Doppler factor = 10, viewing angle 0°


• Minimal effect on spectrum above 100 GeV 
(arXiv:1210.2802)


• Magnetic field correlation length λ = 1 Mpc

• Typical choice in literature

• Results insensitive for λ > inverse Compton cooling 

length (~100 kpc for 1 TeV gamma rays)
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Sources for IGMF Analysis

• Best sources = greatest cascade emission fraction

• Hard-spectrum blazars (assume 3FGL/3LAC ~ intrinsic index)

• Emission to multi-TeV energies - HBLs, esp. extreme-HBLs


• Check for presence of intrinsic cut-off → 1ES 1218+304, 
1ES 0229+200 are best sources!


• Range of redshifts

• z = 0.1 - 0.2 is optimal

• Include near and far sources as cross-check/test redshift 

dependence in case of detection
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Sources for IGMF Analysis

VER J0521+211: z=0.108, Γ=1.9

1ES 0229+200: z=0.14, Γ=2.0

Mrk 501: z=0.034, Γ=1.7 PG 1553+113: z=~0.5, Γ=1.6

H 1426+428: z=0.129, Γ=1.6

Mrk 421: z=0.031, Γ=1.8 1ES 1218+304: z=0.182, Γ=1.7

*Note: Mrk 421 and Mrk 501 highly variable in TeV

Remove flaring episodes: spectral variability + direct emission dominates
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Maximizing Analysis Sensitivity

Maximize cascade fraction Minimize angular resolution

Soft cut on image size 
(integrated charge)

Cut on maximum energy

Zenith angle observations

< 30°

Energy range:

160 GeV - 1 TeV

4 telescopes operating

Images in 3 or 4 telescopes

Distance to shower core   
< 215 m

Zenith angle observations

< 30°
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Simulating Point Sources

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 γ-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

Compare source’s angular profile against simulated point source

Energy correction Zenith correction

Simulations generated @ Γ=2

Weight simulation to match energy 
distribution of excess events

Simulations generated @ Ze=20°

Derive PSF(Ze) from Crab 
Nebula data

Energy resolution

Propagate 20% uncertainty

Shift simulated energy up and down

Pointing uncertainty

Propagate 25’’ uncertainty



13

Simulating Point Sources: Control Sample

Good agreement between data and simulation on 
control sample (Mrk 421 high-state observations)

4 telescope images 3 telescope images

Red = simulations

Black = data
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Comparing Sources & Simulated Sources

• Histogram residuals


• 2 histogram test


• Only one marginal p-value


• Does not account for zenith 
correction, systematic 
uncertainties
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Source/Simulated Point Source Agreement
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No significant tension

No trend

• Fit angular profiles


• Empirical function


• Check agreement of widths
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Cascade Fraction Limits → IGMF Limits

IGMF strength B = 1 x 10-16 - 1 x 10-13 G, 13 values

Generate toys at different cascade fractions (fc)

Primary emission + Cascade emission

(1 - fc ) PSF + fc ( PSF conv. w. cascade model )

Set 95% CL upper limits on fc from cascade sims

from simulated
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Cascade Fraction Limits → IGMF Limits

IGMF strength B = 1 x 10-16 - 1 x 10-13 G, 13 values

Generate toys at different cascade fractions (fc)

Primary emission + Cascade emission

(1 - fc ) PSF + fc ( PSF conv. w. cascade model )

Set 95% CL upper limits on fc from cascade sims

from simulated

point source
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Predicted cascade fraction must be sufficiently large &

statistical uncertainties sufficiently small to constrain fc


Minimum fc ~10%


Best constraints derived from 1ES 1218+304
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Sensitivity to Assumptions on Spectra

• Consider impact on predicted fc and fc upper limit of


• EBL model

• From Gilmore 2012 (arXiv:1104.0671, fiducial model) & Franceschini 

2008 (arXiv:0805.1841)


• Intrinsic spectrum

• Assume spectral index Γ = 1.660, based on Fermi measurement


• Does not account for possible variability on longer timescales

• Consider Γ = [1.460, 1.660, 1.860]


• Assume intrinsic spectrum described by exponentially cut-off power 
law

• No cutoff in VERITAS spectrum != no cutoff

• Highest energy spectral point @ 4 TeV

• Ec = [5, 10, 20] TeV



20

IGMF Limits: Impact of Spectral Cutoff 
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Excluded @ 95% CL

Spectral cutoff at lower energy → no constraints
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IGMF Limits: Impact of Spectral Index 
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IGMF Limits: Impact of EBL Model 
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Larger region excluded for Gilmore 2012 fiducial model

than for model of Franceschini 2008


5.5 x 10-15 - 7.4 x 10-14 G (Gilmore 2012 fiducial)

versus


9.1 x 10-15 - 5.6 x 10-14 G (Franceschini 2008)
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IGMF Limits: Impact of Flux Variability
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Predicted cascade fraction based on observed VERITAS flux

Larger flux in the past → larger cascade fraction in present day


Smaller flux in the past → smaller cascade fraction in present day


No constraints possible if average differential flux at 1 TeV 
<70% observed value
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Conclusions & Outlook

• Conclusions

• VERITAS rules out band of IGMF strengths around 10-14 G


• Assuming correlation length λ = 1 Mpc

• Strong dependence on assumed intrinsic spectral properties  

• Weak depedence on EBL model


• Results probe IGMF in voids

• First pair production >10 Mpc from source for 10 TeV gamma rays


• Outlook

• Updated information on spectral indices in Fermi range (4LAC) - 

affect assumptions on intrinsic spectra

• 1ES 1218+304: Γ = 1.660 ± 0.038 → 1.71 ± 0.02

• 1ES 0229+200: Γ = 2.025 ± 0.150 → 1.78 ± 0.11


• Updated EBL models
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Outlook

• More data

• ~60 hours → ~180 hours on 1ES 1218+304 and 1ES 0229+200 


• Majority taken after camera upgrade → lower energy threshold

• …although with significant flares in recent 1ES 1218+304 data

P. Batista

Gamma 2022 Preliminary

P. Batista

Gamma 2022 Preliminary
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Outlook

• We know that spectral measurements are more powerful!

• e.g. Fermi-LAT + archival very-high-energy spectra 

(arXiv:1804.08035)


• The next step could be event-level fits with data from Fermi-LAT, 
VERITAS, H.E.S.S. and MAGIC with gammapy



Thanks!
doi:10.3847/1538-4357/835/2/288



Backup
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Lightcurves

Mrk 421

(bright flares removed)

Mrk 501

(bright flares removed)

VER J0521+211 H 1426+428
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Lightcurves

1ES 0229+200 1ES 1218+304

PG 1553+113


