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Scientific Motivation I:  History and Scope

 First Very High Energy (VHE) Gamma-ray Source detected:  1989
– Crab Nebula; now the VHE “standard candle”
– Whipple 10m,  Mt. Hopkins, Arizona (SAO/FLWO), first generation IACT

 Several sources (~10) discovered in 1990s
– Whipple, CANGAROO, Telescope Array, Durham, Crimea
– HBL Blazars, Supernova Remnants, Pulsar Wind Nebulae

 VHE source list grows to ~100 in 2000-2009
– Galactic Center, PWN, Pulsars, SNR, Compact Binaries, HBL/LBL Blazars, FRI
– Unidentified and Dark Accelerators
– HEGRA initiates stereo observations
– Milagro Water Cherenkov
– Current generations IACTs:  VERITAS, MAGIC, HESS, CANGAROO
– Space: Fermi Gamma-ray Space Telescope

 Areas of Study
– Dark Matter Search: Neutralino Annihilation ➙ γ-rays  (main interest for particle physics)
– Particle acceleration mechanisms
– Origin of cosmic rays: SNR? (<1014-15eV),  AGN? (1015-20eV)
– Extragalactic Infrared Background Light
– Dark TeV Sources
– New Phenomena Discovery Potential
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History I:  First VHE Gamma-ray Source Detections

4

Whipple 10m IACT
1st VHE source 1989: Crab Nebula
Crab is now VHE “Standard Candle”
Still in operation!  Mainly blazar monitoring

1990-2000: CANGAROO, Durham, 
Crimea, TA, HEGRA
# VHE ➙ ~10 (blazars, SNR, PWN)

CANGAROO-II 10m IACT HEGRA

Development of stereo 
imaging technique
Discovery of TeV2032: 1st 
unidentified TeV source 
(2002)

Milagro:
Wide Field
Water Cherenkov Gamma-ray Telescope
First data Feb. 1999



R. Wagner, Technology Overview of AGIS
Technology and Instrumentation in Particle Physics, Tsukuba

13 Mar 2009

History II: Current Generation IACTs
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VERITAS (Arizona, USA)
MAGIC (La Palma, Canary Is.)

HESS (Namibia)

Four telescope operation: September, 2007

Four telescope operation: December, 2003

Number VHE Sources ~100 as of 2009
Typical angular resolution ~0.1°
Threshold 50-200 GeV

display courtesy of TeVCat (Horan & Wakely): http://tevcat.uchicago.edu

http://tevcat.uchicago.edu
http://tevcat.uchicago.edu
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History and Composition of AGIS Collaboration

 Concept for AGIS Observatory and Collaboration emerged 
from a series of “Toward the Future...” workshops:

– “1st” meeting: Towards the Future of Ground-based 
Gamma-ray Astronomy, 
Malibu, California, Oct 21-22, 2005 (host: UCLA)

– “2nd” meeting: Towards the Future of Ground-based 
Gamma-ray Astronomy,
Santa Fe, New Mexico, May 11-12, 2006 (host: LANL)

– AGIS R&D Group formed: Future of VHE Gamma-ray 
Astronomy,
Chicago, Illinois, May 13-14, 2007 (host: U. Chicago/
Argonne)

– “3rd” meeting: Towards the Future...,
Palo Alto, California, Nov 8-9, 2007 (host: Stanford Univ/
SLAC)

– AGIS Collaboration Formed,
1st AGIS Collaboration Meeting,
Los Angeles, California, June 27-28, 2008 (host: UCLA)

– AGIS Cost & Scope Workshop
Ames, IA, Mar 6-7, 2009 (host: Iowa State Univ)

– AGIS  2nd Collaboration Meeting, Argonne, Illinois, April 
18, 2009 (host: Argonne Natl. Lab.)
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Institutions:
Adler Planetarium                 SAO
Argonne Natl Lab                  Stanford/SLAC
Barnard College                    UNAM (Mexico)
Univ. Delaware                      UCLA
IAFE (Argentina)                   UC-Santa Cruz
Iowa State                             Univ. Chicago
Los Alamos Natl Lab             Univ. Iowa
McGill Univ (Montreal, CA)   Univ. Utah
Penn State Univ.                   Yale Univ.
Purdue Univ.                         Washington U.

Executive Board:
Frank Krennrich (Iowa State), Spokesperson
Jim Buckley (Washington Univ.)
Stefan Funk (SLAC)
Henrik Krawczynski (Washington Univ.)
Vladimir Vassiliev (UCLA)
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AGIS Science Focus
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The Advanced Gamma-ray Imaging System (AGIS)
– Science Highlights– 

Abstract
The Advanced Gamma-ray Imaging System (AGIS), a future gamma-ray telescope consisting of an array of ~50 atmospheric Cherenkov telescopes covering an area of approximately one square kilometer, will provide a powerful new tool for exploring the high-
energy universe.  The order-of-magnitude increase in sensitivity and improved angular resolution could provide the first detailed images of gamma-ray emission from other nearby galaxies or galaxy clusters. The large effective area will provide unprecedented 
sensitivity to short transients (such as flares from AGNs and GRBs) probing both intrinsic spectral variability (revealing the details of the acceleration mechanism and geometry) as well as constraining the high-energy dispersion in the velocity of light (probing 
spacetime on the smallest < TeV-1 distance scales).  A wide field of view (~4 times that of current instruments) and excellent angular resolution (several times better than current instruments) will allow for an unprecedented survey of the Galactic plane, providing 
a deep unobscured survey of SNRs, X-ray binaries, pulsar-wind nebulae, molecular cloud complexes and other sources. The differential flux sensitivity of ~10-13 erg cm-2 s-1 will rival the most sensitive X-ray instruments for these extended Galactic sources.  The 
excellent capabilities of AGIS at energies below 100 GeV will provide sensitivity to AGN and GRBs out to cosmological redshifts, increasing the number of AGNs detected at high energies from about 20 to more than 100 permitting population studies that will 
provide valuable insights into both a unified model for AGN and a detailed measurement of the effects of intergalactic absorption from the diffuse extragalactic background light.  A new instrument with fast-slewing wide-field telescopes will be very likely to 
provide detections of a number of long-duration gamma-ray bursts providing important physical constraints from this new spectral component in the emission of these sources.  The new array will also have excellent background rejection and very large effective 
area providing the very high sensitivity needed to detect emission from dark matter annihilation in Galactic substructure or nearby Dwarf spheroidal galaxies for even relatively conservative models of the halo distributions and annihilation cross-sections.  

…

J. Buckley (Washington U.), P. Coppi (Yale), S. Digel (SLAC), S. Funk (SLAC), H. Krawczynski (Wash. U.), 
F. Krennrich (ISU), M. Pohl (ISU), R. Romani (Stanford), V. Vassiliev (UCLA)
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Stefan Funk

The path to the AGIS plane survey

Data H.E.S.S.

Simulation H.E.S.S. (flat exposure)

Simulation H.E.S.S. (real exposure)

Simulation AGIS/CTA (flat exposure)

Significance Maps, cut at 18 !

8° FOV

Dark Matter

Extragalactic sources: Gamma-Ray Bursts and AGN

Galactic sources: Supernova Remnants, Pulsars, X-Ray binaries, Unidentified sources

Simulation of the gamma-ray signal from dark-matter annihilation in galactic 
and extragalactic halos along with galactic substructure (Baltz, ???). 

Galactic Center

The field of TeV ! -ray astronomy was born in the years 1986 to 1988 with the 
first firm detection of a cosmic source of TeV ! -rays, the Crab Nebula, with the 
Whipple 10 m Cherenkov telescope [5]. Advances in instrumentation and 
analysis techniques have established TeV ! -ray astronomy as one of the most 
exciting emerging new windows into the Universe. The current generation of 
ground-based instruments includes the IACTs HESS [6], MAGIC [7], and 
VERITAS [8] and the water Cherenkov array Milagro [9]. Arrays of IACTs achieve 
angular resolutions of 0.1" and flux sensitivities (250 GeV–1 TeV) of 10!12 ergs 
cm!2 s! 1 for 10 hrs of integration.  The current generation of experiments has 
proven that the TeV ! -ray sky includes a wide range  of Galactic and 
extragalactic particle accelerators, e.g. the Galactic center, supernova remnants, 
pulsar wind nebulae, X-ray binaries, and active galactic nuclei. With an order of 
magnitude higher sensitivity, the next generation of ground based ! -ray 
experiments should be able to detect many hundreds of sources and to deeply 
probe the high energy acceleration and radiation sites barely  revealed in the 
present data. Thus, the young field of very high energy (VHE; E > 100 GeV) 
gamma-ray astronomy is entering an exciting new phase, with a substantial and 
rapidly growing catalog of known sources, and entirely new source classes

Catalog of VHE sources (Aharonian, Buckley, Kifune, Sinnis, 2008)

New breakthroughs in IACT imaging have finally revealed photon signals from at likely sites of cosmic ray accelleration, with spatially and spectrally resolved TeV images of a 
number of supernova remnants (SNR). [10]. Prospects for understanding particle acceleration in SNRs with new VHE measurements are excellent. When combined with 
observations at other wavebands, these place strong constraints on the geometry of the emission region as well as the physical conditions in the acceleration region including: the 
magnetic field strength, the energy densities of particles and radiation, and particle diffusion coeffcients. The transfer of this energy to supra-thermal particles involves the complex 
physics of colliding magnetized plasmas with coupled turbulence and energetic particles. It is also likely that these processes drive local magnetic field  growth, as fields greatly 
exceeding the shock-compressed value seem needed to reach the observed  high energies. VHE observations are particularly revealing, as they trace the most energetic particles 
and, for these nearby sources, can be localized with respect to the shock front. New observations can spatially resolve the acceleration, radiation and damping sites and, along 
with new generations of numerical modeling should advance our understanding of this key process. SNR studies with the next-generation experiment will require arc-minute 
angular resolutions to obtain spectroscopically resolved maps of the particle acceleration regions and their environments.  An order of magnitude improvement in sensitivity is 
required for suffcient photon statistics to make use of the improved angular resolution, and to make source population studies. A large field of view would be valuable to improve 
the sensitivity of galactic plane surveys, and to map large SNRs and other diffuse sources.  The ubiquity of TeV sources around young pulsars, as revealed by the HESS Galactic 
plane survey [11], has come as a major surprise, underscoring the power of the IACT technique for pulsar studies. These sources, known as pulsar wind nebulae (PWNe), form 
when the cold relativistic wind of charged particles and fields generated by a young, spin-powered pulsar shocks against the ambient medium. In these shocks, particle 
acceleration extends to energies as high as several PeV. Downstream from the shock zone the magnetic fields of the nebulae appear to have decreased to the point where 
Compton losses dominate – thus the TeV emission not only reveals the presence of high energy particles, but with cooling times comparable to the pulsar age, probes the history 
and total energetics of particle acceleration over the pulsar’s lifetime. Since pulsars are high velocity objects, some PWNe are “trailed out” to a resolvable scale over !104!5 y, 

which is manifest as a spectral variation along the spatially extended PWN [12]. Another opportunity for probing the wind physics arises when the pulsar is in a binary, so that the 
pulsar wind shocks against the wind from the normal companion star [13]. Since the standoff distance and our view of the shock vary around the binary orbit, these systems are 
natural laboratories for probing PWN physics. We also know that the central pulsars themselves produce "100 TeV e± in making the observed pulsed GeV emission. A pulsed VHE 
component remains a possibility from energetic 2 young or millisecond pulsars, although existing observations provide only upper limits. Other sources may also be VHE gamma-
ray producers: Galactic black hole binaries acting as “µQSO” or colliding baryonic winds between massive stars seem to be plausible TeV sources. In all cases, study of these 
Galactic particle accelerators is interesting both intrinsically and as analogs of their more energetic cosmic brethren such as blazars and galactic wind shocks. The next-generation 
IACT facilities can offer powerful new probes of these accelerators. For the PWNe, improved sensitivity and even marginal improvements in angular resolution will allow the 
mapping of the energetic particle cooling and diffusion with high precision. The sensitivity also allows us to see the isotropic PWN emission from many, perhaps several hundred, 
more young pulsars, making this a powerful unbeamed and hence unbiased probe of the last 105 y of massive star death in the Galaxy. Here, a wide field of view for sensitive 
surveys is essential. Further, if angular resolution can be pushed to the <0.1" range, we can directly map the termination shock torus and jets of the nearest pulsar winds, unveiling 
the acceleration site itself. Sensitivity is the key for probing the new potential source classes, including colliding winds and TeV-peak magnetospheric emission from pulsars. If a 
future VHE instrument can achieve a sensitivity of !<10!13 erg cm!2 s!1 at a few hundred GeV, there is a reasonable prospect, unique for high energy astrophysics, of providing an 

unobstructed, unbiased survey across the entire galaxy for some important source classes.  And finally, if the energy threshold can be pushed down to the !10 GeV range, one 

could observe directly the cut-off of the GeV-peaked, pulsed emission inferred from observations in space, allowing a keen look into pulsar magnetosphere acceleration. 

Perhaps the largest class of potential targets are the AGN, and TeV ! -ray observations of extragalactic objects afford the possibility to study a wide range of phenomena. Active 
galactic nuclei (AGN) are spectacularly variable sources of TeV ! -rays. More than 20 AGN have now been identified as sources of >200 GeV ! -rays, with redshifts ranging from 
0.0044 (M87) [14] to at least 0.19 (1ES0347-121) [15]. Future VHE ! -ray observations of AGN hold the promise to reveal how supermassive black holes accrete matter and form 
powerful collimated outflows. With variability timescales comparable to the light crossing time at the event horizion, TeV emission from some AGN seems to uniquely probe the 
environment very near the central supermassive black hole. EGRET observations of multi-GeV photons well after a powerful gamma-ray burst (GRB) [16] promote the possibility 
of IACT detection of ! -ray emission from these sources. Measuring high-energy ! -ray emission from GRBs is of key importance for exploring the GRB environments and for 
constraining the efficiency of the acceleration processes. This information can, in turn, contribute to the identifcation the GRB progenitors. High-energy ! -ray observations have 
the potential to contribute to the identification of GRBs as ultra high energy cosmic ray accelerators, since most scenarios require the cascade of energy down into the TeV 
regime. As for AGNs, the identification of the inverse-Compton component of these sources will provide new constraints on the bulk Lorentz factor and magnetic fields in the 
emission region. Future ! -ray studies of AGN and GRB will require an experiment with significantly improved sensitivity to fully resolve the spectral variability in AGN and to 
detect a number of GRBs. A lower energy threshold ( !<40 GeV) would increase the chances for positive detections at redshifts on the order of unity, as lower-energy ! -rays 

suffer less extragalactic absorption. The study of prompt emission places significant demands on the telescopes’ slew speed.  TeV observations of non-active galaxies are also of 
interest. Owing to cosmic ray interactions with interstellar gas and subsequent #0-decays, galaxies are expected to shine in ! -rays, as confirmed by the EGRET/CGRO (Compton 
Gamma Ray Observatory) detection of the Large Magellanic Cloud. Best estimates suggest that starburst and ultra-luminous galaxies should emit TeV ! -rays at a level close to 
the sensitivity of current ground-based experiments. An experiment with an order of magnitude higher sensitivity could make spatially resolved images of such galaxies and 
would thus enable us to probe the supernova/cosmic-ray connection, comparing galaxies to map out the effects of supernova rate, confinement, and propagation. VHE gamma-
rays from active galaxies can also be used as probes of primordial radiation fields. Since TeV photons from high z are absorbed by ! -! pair attenuation, IACT data set upper 
limits on the intensity of the extragalactic background light (EBL) in the optical/infrared wavelength region. A next-generation experiment is likely to improve on these results by 
detecting a larger number of AGN out to higher redshifts, giving a reliable detection of the absorption features caused by EBL photons. The measurement of the EBL intensity and 
energy spectrum will make an important contribution to cosmology as the EBL depends on the structure and star formation history of the Universe. 

 At the same time, new technologies are emerging showing the way to orders of magnitude increase in our science capabilities. VHE ! -ray astronomy also has the 
potential to make important contributions to the solution of several long-standing problems that play a central role in modern physics, astrophysics, and cosmology. 
Potential contributions include the detection of ! -rays from dark matter annihilation processes, the measurement of the intensity of extragalactic background radiation 
fields and the strength of cosmic magnetic fields, detailed information about the astrophysical processes that lead to the growth of black holes, and the study of the most 
extreme particle accelerators in the Universe. 

In addition to the known astrophysical targets, VHE gamma-ray astronomy has the 
potential to provide fundamental observational probes of basic physics. One goal 
of the next generation ! -ray instrument will be a search for ! -rays from dark 
matter annihilation in the halo of our own Galaxy, or in nearby galaxies. While 
candidates for dark matter may be discovered at the Large Hadron Collider or in 
direct detection experiments, gamma-ray measurements provide the only possible 
means of observing the halo distribution and of verifying the role of such particles 
in structure formation of the universe. In regions of enhanced halo density, 
weakly interacting dark matter can annihilate to form a nearly mono-energetic ! -
ray line as well as a continuum of emission from annihilation through other 
channels (e.g., quark-antiquark or heavy lepton pairs). The lightest 
supersymmetric particle (neutralino) is the leading theoretical dark matter 
candidate, but any other stable weakly interacting particle (e.g, the lightest 
Kaluza-Klein particle) could also be a viable.  Ground-based  ! -ray observations 
are also well matched to the likely mass range of !30 GeV to a few TeV.  The 

signature of gamma-rays from dark matter will be a mildly extended, cuspy 
angular distribution, a universal continuum shape with a very hard spectrum and 
sharp cutoff and an annihilation line at the mass of the neutralino.  The detailed 
spectral shape depends sensitively on the model parameters and branching ratios 
for different annihilation processes. While the largest signal is predicted for the 
Galactic center [17], the presence of astrophysical backgrounds make these 
measurements difficult.  Nearby Dwarf Spheroidal galaxies or galactic 
substructure are the best prospects for the future, but require at least an order of 
magnitude improvement in sensitivity.
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Predicted !-ray spectrum from the dwarf spheroidal galaxy Ursa Minor for aneutralino mass 

of 330 GeV, branching into $+$- of 20% and into bb of 80%  with a line to continuum ratio 
of 2x10-3.  We assume a typical annihilation cross-section of 2x10-26 cm3 s-1 the halo values 

from Strigari et al. (2007) with rs = 0.86 kpc, central density %s = 7.9x107 Msun kpc-3.  and a 
modest boost factor of b=3 from halo substructure.  We assume an ideal instrument with an 
effective area of 1 km2 and sensitivity limited only by the electron, diffuse gamma-ray and 
cosmic-ray background (10 times lower than current instruments).  For this idealized IACT 
array, we do not include the effect of a threshold due to night-sky-background, and assume 
an energy resolution of 15%.  The data points are simulated given the signal-to-noise 
expected for the theoretical model compared with our anticipated instrument sensitivity.

Simulated AGIS skymap assuming a wider field-of view, improvement in angular resolution and better sensitivity assuming a model for the SNR distribution and &0 gamma-
ray production (see Funk et al. poster at this meeting).

Predicted '-ray spectrum from a GRB at a redshift of z=1 
adapted from Pe'er and Waxman [21] (we scale by 10 for a 
more representative GRB). $The green and red curves show 
the calculation for a wind-like environment for a massive 
stellar pregenitor and an ISM-like environment more typical 
for a merger event. $The dotted curves give the source 
spectrum, while the solid curves include the effects of 
intergalactic absorption using a model from Franceschini, 
2008  [22] with a correction for the redshift dependence 
(Krawczynski, 2008) [23]. $The blue curves show the 
differential sensitivity for GLAST (dotted), a km2 IACT array 
like AGIS or CTA (solid) and HAWC (dashed).  In all cases we 
combine estimates of a cosmic-ray, electron and diffuse 
gamma-ray background with simulations of the gamma-ray 
effective area, background-rejection and angular resolution 
to obtain the sensitivity for a 1-minute exposure.  For the 
AGIS/CTA curve we show the differential sensitivity for 1/4 
decade bins, while for the HAWC instrument we assume an 
energy resolution of 100% and independent 0.5 decade 
bins.$The sensitivity curve is based on a 5 sigma detection 
and at least 25 detected photons. $Black points and error bars 
are simulated independent spectral points that could be 
obtained with AGIS/CTA.
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Abstract
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spacetime on the smallest < TeV-1 distance scales).  A wide field of view (~4 times that of current instruments) and excellent angular resolution (several times better than current instruments) will allow for an unprecedented survey of the Galactic plane, providing 
a deep unobscured survey of SNRs, X-ray binaries, pulsar-wind nebulae, molecular cloud complexes and other sources. The differential flux sensitivity of ~10-13 erg cm-2 s-1 will rival the most sensitive X-ray instruments for these extended Galactic sources.  The 
excellent capabilities of AGIS at energies below 100 GeV will provide sensitivity to AGN and GRBs out to cosmological redshifts, increasing the number of AGNs detected at high energies from about 20 to more than 100 permitting population studies that will 
provide valuable insights into both a unified model for AGN and a detailed measurement of the effects of intergalactic absorption from the diffuse extragalactic background light.  A new instrument with fast-slewing wide-field telescopes will be very likely to 
provide detections of a number of long-duration gamma-ray bursts providing important physical constraints from this new spectral component in the emission of these sources.  The new array will also have excellent background rejection and very large effective 
area providing the very high sensitivity needed to detect emission from dark matter annihilation in Galactic substructure or nearby Dwarf spheroidal galaxies for even relatively conservative models of the halo distributions and annihilation cross-sections.  
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Significance Maps, cut at 18 !
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Dark Matter

Extragalactic sources: Gamma-Ray Bursts and AGN

Galactic sources: Supernova Remnants, Pulsars, X-Ray binaries, Unidentified sources

Simulation of the gamma-ray signal from dark-matter annihilation in galactic 
and extragalactic halos along with galactic substructure (Baltz, ???). 

Galactic Center

The field of TeV ! -ray astronomy was born in the years 1986 to 1988 with the 
first firm detection of a cosmic source of TeV ! -rays, the Crab Nebula, with the 
Whipple 10 m Cherenkov telescope [5]. Advances in instrumentation and 
analysis techniques have established TeV ! -ray astronomy as one of the most 
exciting emerging new windows into the Universe. The current generation of 
ground-based instruments includes the IACTs HESS [6], MAGIC [7], and 
VERITAS [8] and the water Cherenkov array Milagro [9]. Arrays of IACTs achieve 
angular resolutions of 0.1" and flux sensitivities (250 GeV–1 TeV) of 10!12 ergs 
cm!2 s! 1 for 10 hrs of integration.  The current generation of experiments has 
proven that the TeV ! -ray sky includes a wide range  of Galactic and 
extragalactic particle accelerators, e.g. the Galactic center, supernova remnants, 
pulsar wind nebulae, X-ray binaries, and active galactic nuclei. With an order of 
magnitude higher sensitivity, the next generation of ground based ! -ray 
experiments should be able to detect many hundreds of sources and to deeply 
probe the high energy acceleration and radiation sites barely  revealed in the 
present data. Thus, the young field of very high energy (VHE; E > 100 GeV) 
gamma-ray astronomy is entering an exciting new phase, with a substantial and 
rapidly growing catalog of known sources, and entirely new source classes

Catalog of VHE sources (Aharonian, Buckley, Kifune, Sinnis, 2008)

New breakthroughs in IACT imaging have finally revealed photon signals from at likely sites of cosmic ray accelleration, with spatially and spectrally resolved TeV images of a 
number of supernova remnants (SNR). [10]. Prospects for understanding particle acceleration in SNRs with new VHE measurements are excellent. When combined with 
observations at other wavebands, these place strong constraints on the geometry of the emission region as well as the physical conditions in the acceleration region including: the 
magnetic field strength, the energy densities of particles and radiation, and particle diffusion coeffcients. The transfer of this energy to supra-thermal particles involves the complex 
physics of colliding magnetized plasmas with coupled turbulence and energetic particles. It is also likely that these processes drive local magnetic field  growth, as fields greatly 
exceeding the shock-compressed value seem needed to reach the observed  high energies. VHE observations are particularly revealing, as they trace the most energetic particles 
and, for these nearby sources, can be localized with respect to the shock front. New observations can spatially resolve the acceleration, radiation and damping sites and, along 
with new generations of numerical modeling should advance our understanding of this key process. SNR studies with the next-generation experiment will require arc-minute 
angular resolutions to obtain spectroscopically resolved maps of the particle acceleration regions and their environments.  An order of magnitude improvement in sensitivity is 
required for suffcient photon statistics to make use of the improved angular resolution, and to make source population studies. A large field of view would be valuable to improve 
the sensitivity of galactic plane surveys, and to map large SNRs and other diffuse sources.  The ubiquity of TeV sources around young pulsars, as revealed by the HESS Galactic 
plane survey [11], has come as a major surprise, underscoring the power of the IACT technique for pulsar studies. These sources, known as pulsar wind nebulae (PWNe), form 
when the cold relativistic wind of charged particles and fields generated by a young, spin-powered pulsar shocks against the ambient medium. In these shocks, particle 
acceleration extends to energies as high as several PeV. Downstream from the shock zone the magnetic fields of the nebulae appear to have decreased to the point where 
Compton losses dominate – thus the TeV emission not only reveals the presence of high energy particles, but with cooling times comparable to the pulsar age, probes the history 
and total energetics of particle acceleration over the pulsar’s lifetime. Since pulsars are high velocity objects, some PWNe are “trailed out” to a resolvable scale over !104!5 y, 

which is manifest as a spectral variation along the spatially extended PWN [12]. Another opportunity for probing the wind physics arises when the pulsar is in a binary, so that the 
pulsar wind shocks against the wind from the normal companion star [13]. Since the standoff distance and our view of the shock vary around the binary orbit, these systems are 
natural laboratories for probing PWN physics. We also know that the central pulsars themselves produce "100 TeV e± in making the observed pulsed GeV emission. A pulsed VHE 
component remains a possibility from energetic 2 young or millisecond pulsars, although existing observations provide only upper limits. Other sources may also be VHE gamma-
ray producers: Galactic black hole binaries acting as “µQSO” or colliding baryonic winds between massive stars seem to be plausible TeV sources. In all cases, study of these 
Galactic particle accelerators is interesting both intrinsically and as analogs of their more energetic cosmic brethren such as blazars and galactic wind shocks. The next-generation 
IACT facilities can offer powerful new probes of these accelerators. For the PWNe, improved sensitivity and even marginal improvements in angular resolution will allow the 
mapping of the energetic particle cooling and diffusion with high precision. The sensitivity also allows us to see the isotropic PWN emission from many, perhaps several hundred, 
more young pulsars, making this a powerful unbeamed and hence unbiased probe of the last 105 y of massive star death in the Galaxy. Here, a wide field of view for sensitive 
surveys is essential. Further, if angular resolution can be pushed to the <0.1" range, we can directly map the termination shock torus and jets of the nearest pulsar winds, unveiling 
the acceleration site itself. Sensitivity is the key for probing the new potential source classes, including colliding winds and TeV-peak magnetospheric emission from pulsars. If a 
future VHE instrument can achieve a sensitivity of !<10!13 erg cm!2 s!1 at a few hundred GeV, there is a reasonable prospect, unique for high energy astrophysics, of providing an 

unobstructed, unbiased survey across the entire galaxy for some important source classes.  And finally, if the energy threshold can be pushed down to the !10 GeV range, one 

could observe directly the cut-off of the GeV-peaked, pulsed emission inferred from observations in space, allowing a keen look into pulsar magnetosphere acceleration. 

Perhaps the largest class of potential targets are the AGN, and TeV ! -ray observations of extragalactic objects afford the possibility to study a wide range of phenomena. Active 
galactic nuclei (AGN) are spectacularly variable sources of TeV ! -rays. More than 20 AGN have now been identified as sources of >200 GeV ! -rays, with redshifts ranging from 
0.0044 (M87) [14] to at least 0.19 (1ES0347-121) [15]. Future VHE ! -ray observations of AGN hold the promise to reveal how supermassive black holes accrete matter and form 
powerful collimated outflows. With variability timescales comparable to the light crossing time at the event horizion, TeV emission from some AGN seems to uniquely probe the 
environment very near the central supermassive black hole. EGRET observations of multi-GeV photons well after a powerful gamma-ray burst (GRB) [16] promote the possibility 
of IACT detection of ! -ray emission from these sources. Measuring high-energy ! -ray emission from GRBs is of key importance for exploring the GRB environments and for 
constraining the efficiency of the acceleration processes. This information can, in turn, contribute to the identifcation the GRB progenitors. High-energy ! -ray observations have 
the potential to contribute to the identification of GRBs as ultra high energy cosmic ray accelerators, since most scenarios require the cascade of energy down into the TeV 
regime. As for AGNs, the identification of the inverse-Compton component of these sources will provide new constraints on the bulk Lorentz factor and magnetic fields in the 
emission region. Future ! -ray studies of AGN and GRB will require an experiment with significantly improved sensitivity to fully resolve the spectral variability in AGN and to 
detect a number of GRBs. A lower energy threshold ( !<40 GeV) would increase the chances for positive detections at redshifts on the order of unity, as lower-energy ! -rays 

suffer less extragalactic absorption. The study of prompt emission places significant demands on the telescopes’ slew speed.  TeV observations of non-active galaxies are also of 
interest. Owing to cosmic ray interactions with interstellar gas and subsequent #0-decays, galaxies are expected to shine in ! -rays, as confirmed by the EGRET/CGRO (Compton 
Gamma Ray Observatory) detection of the Large Magellanic Cloud. Best estimates suggest that starburst and ultra-luminous galaxies should emit TeV ! -rays at a level close to 
the sensitivity of current ground-based experiments. An experiment with an order of magnitude higher sensitivity could make spatially resolved images of such galaxies and 
would thus enable us to probe the supernova/cosmic-ray connection, comparing galaxies to map out the effects of supernova rate, confinement, and propagation. VHE gamma-
rays from active galaxies can also be used as probes of primordial radiation fields. Since TeV photons from high z are absorbed by ! -! pair attenuation, IACT data set upper 
limits on the intensity of the extragalactic background light (EBL) in the optical/infrared wavelength region. A next-generation experiment is likely to improve on these results by 
detecting a larger number of AGN out to higher redshifts, giving a reliable detection of the absorption features caused by EBL photons. The measurement of the EBL intensity and 
energy spectrum will make an important contribution to cosmology as the EBL depends on the structure and star formation history of the Universe. 

 At the same time, new technologies are emerging showing the way to orders of magnitude increase in our science capabilities. VHE ! -ray astronomy also has the 
potential to make important contributions to the solution of several long-standing problems that play a central role in modern physics, astrophysics, and cosmology. 
Potential contributions include the detection of ! -rays from dark matter annihilation processes, the measurement of the intensity of extragalactic background radiation 
fields and the strength of cosmic magnetic fields, detailed information about the astrophysical processes that lead to the growth of black holes, and the study of the most 
extreme particle accelerators in the Universe. 

In addition to the known astrophysical targets, VHE gamma-ray astronomy has the 
potential to provide fundamental observational probes of basic physics. One goal 
of the next generation ! -ray instrument will be a search for ! -rays from dark 
matter annihilation in the halo of our own Galaxy, or in nearby galaxies. While 
candidates for dark matter may be discovered at the Large Hadron Collider or in 
direct detection experiments, gamma-ray measurements provide the only possible 
means of observing the halo distribution and of verifying the role of such particles 
in structure formation of the universe. In regions of enhanced halo density, 
weakly interacting dark matter can annihilate to form a nearly mono-energetic ! -
ray line as well as a continuum of emission from annihilation through other 
channels (e.g., quark-antiquark or heavy lepton pairs). The lightest 
supersymmetric particle (neutralino) is the leading theoretical dark matter 
candidate, but any other stable weakly interacting particle (e.g, the lightest 
Kaluza-Klein particle) could also be a viable.  Ground-based  ! -ray observations 
are also well matched to the likely mass range of !30 GeV to a few TeV.  The 

signature of gamma-rays from dark matter will be a mildly extended, cuspy 
angular distribution, a universal continuum shape with a very hard spectrum and 
sharp cutoff and an annihilation line at the mass of the neutralino.  The detailed 
spectral shape depends sensitively on the model parameters and branching ratios 
for different annihilation processes. While the largest signal is predicted for the 
Galactic center [17], the presence of astrophysical backgrounds make these 
measurements difficult.  Nearby Dwarf Spheroidal galaxies or galactic 
substructure are the best prospects for the future, but require at least an order of 
magnitude improvement in sensitivity.
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Predicted !-ray spectrum from the dwarf spheroidal galaxy Ursa Minor for aneutralino mass 

of 330 GeV, branching into $+$- of 20% and into bb of 80%  with a line to continuum ratio 
of 2x10-3.  We assume a typical annihilation cross-section of 2x10-26 cm3 s-1 the halo values 

from Strigari et al. (2007) with rs = 0.86 kpc, central density %s = 7.9x107 Msun kpc-3.  and a 
modest boost factor of b=3 from halo substructure.  We assume an ideal instrument with an 
effective area of 1 km2 and sensitivity limited only by the electron, diffuse gamma-ray and 
cosmic-ray background (10 times lower than current instruments).  For this idealized IACT 
array, we do not include the effect of a threshold due to night-sky-background, and assume 
an energy resolution of 15%.  The data points are simulated given the signal-to-noise 
expected for the theoretical model compared with our anticipated instrument sensitivity.

Simulated AGIS skymap assuming a wider field-of view, improvement in angular resolution and better sensitivity assuming a model for the SNR distribution and &0 gamma-
ray production (see Funk et al. poster at this meeting).

Predicted '-ray spectrum from a GRB at a redshift of z=1 
adapted from Pe'er and Waxman [21] (we scale by 10 for a 
more representative GRB). $The green and red curves show 
the calculation for a wind-like environment for a massive 
stellar pregenitor and an ISM-like environment more typical 
for a merger event. $The dotted curves give the source 
spectrum, while the solid curves include the effects of 
intergalactic absorption using a model from Franceschini, 
2008  [22] with a correction for the redshift dependence 
(Krawczynski, 2008) [23]. $The blue curves show the 
differential sensitivity for GLAST (dotted), a km2 IACT array 
like AGIS or CTA (solid) and HAWC (dashed).  In all cases we 
combine estimates of a cosmic-ray, electron and diffuse 
gamma-ray background with simulations of the gamma-ray 
effective area, background-rejection and angular resolution 
to obtain the sensitivity for a 1-minute exposure.  For the 
AGIS/CTA curve we show the differential sensitivity for 1/4 
decade bins, while for the HAWC instrument we assume an 
energy resolution of 100% and independent 0.5 decade 
bins.$The sensitivity curve is based on a 5 sigma detection 
and at least 25 detected photons. $Black points and error bars 
are simulated independent spectral points that could be 
obtained with AGIS/CTA.

HESS  Simulation (real exposure)

AGIS/CTA Simulation (flat exposure)
TeV Source Discovery, e.g. MW Galactic Plane

HESS
PSF

AGIS
PSF

Angular Resolution,
e.g. source substructure

See Further

Extragalactic Bkgd Light Study
Lorentz Invariance Violation:
    energy dependent light speed
Gamma-ray Bursts

Digel & Funk 2008; Funk, Hinton, Hermann, & Digel, 2009

from poster,J. Buckley, Gamma2008, Heidelberg 

Ted Baltz
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Overview of the AGIS Array Concept

9

 Based on conclusions from AGIS Cost & Scope Workshop, Mar 6-7,2009 @ Iowa 
State

– Outcome of workshop was more concrete concept for AGIS array

 Array will be composed of 36 Schwarzschild-Couder wide FOV telescopes
– Somewhat less than original idea of 50-100; based on per telescope cost and ~$100M 

cost for total complement of instruments
– Parameters:

• Primary Mirror -- 11.5m;  Secondary -- 6.6m
• Field of View -- 8°
• Point Spread Function within FOV -- 3 arcmin
• Angular Resolution -- ~0.03°
• Pixel size -- 0.0545° square (camera tiled with square multi-anode PMTs)
• 3 Level Trigger

– Discriminated Threshold Level 1
– Moment (Hillas Parameters) Trigger Level 2
– Parallactic Displacement Level 3 Array Trigger

• ASIC waveform sampling digitization on camera
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AGIS Technology R&D
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 Goals for Next Generation Cherenkov Gamma-ray Telescope Array
– VERITAS/HESS Sensitivity  ×10
– VERITAS/HESS Angular Resolution  / (2-3)
– Energy Threshold < 100 GeV
– VERITAS/HESS Field of View ×(~1.5-2)

 Key Technologies and Detector R&D
– Telescope Design:  Traditional Davies-Cotton  vs.  Two mirror (Schwarzschild-Couder)
– Photodetectors:  Multi-Anode PMT  vs.  Silicon Photomultiplier  vs.  ???
– Trigger & Readout:  Fast Topological Trigger, ASIC waveform sampling readout
– Overall robust design to minimize operation & maintenance demands
– Cost effective design

 Simulation of Instrument Performance
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Simulation of AGIS Performance
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 Studied with 6×6 (36) telescope array using modified VERITAS simulation package
– 12m Schwarzschild-Couder (Davies-Cotton with f=3)
– 2500m a.s.l. with magnetic field effects
– Standard VERITAS PMT response and trigger
– Free parameters: array spacing and pixel size
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Figures courtesy Gernot Maier, McGill Univ.
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Telescope Design - Field of View

14

VERITAS FoV = 3.5°

Initial 9m Schwarzschild-Couder Telescope

f1.0 Davies-Cotton

S-C offers wide FOV with smaller plate 
scale than D-C

Stringent requirements for primary/
secondary alignment and deflections
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Schwarzschild-Couder Telescope Design

15

 Complete mechanical/optical design done for 9m S-C 
including FEA analysis: 2007/8

Total deformation in vertical 
orientation from ANSYS FEA

Thermal deformations for 
ΔT = 10°C 

Modal and dynamic (during 
positioner rotation) analyses 
were performed in addition 
to shown deflections from 
static and thermal analysis
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Schwarzschild-Couder Telescope Design -- II

16

Primary mirror: 75 ~ 1m2 panels
Secondary mirror: 36 ~ 1m2 panels
Total: 111 segments

Scale 9m design to 11.5m; complete redesign in future

Replication technology (electroforming, 
glass slumping, Carbon/Graphite Fiber 
Reinforced Plastic ) 
can be used to reduce costs of 
manufacturing of aspheric mirrors

Primary diameter: 11.5 m
Central hole: 5.63 m
Secondary diameter: 6.6 m
Focal plane distance: 1.95m (from SM)
Field of View: 8 degrees
Camera diameter: 90 cm
No vignetting to field angle: 3 deg
Effective light collecting area: ~70 m2

Total mirror area: ~100 m2

PSF less than: 3 arcmin (within FoV)
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Photodetectors

17

Single Anode PMTs:
standard for current IACT cameras

Multi-Anode PMTs (MAPMT):
small pixel size for finer angular 
resolution
Feasibility demonstrated in TrICE 
IACT (Argonne, UChicago, Utah)

TrICE Cosmic 
Ray Event

TrICE Camera

SiPM 

gain~106

Cherenkov 
Camera 
MPPC Array

Silicon Photomultipliers:
Advantages:

low voltage operation
single pe resolution
robust

Disadvantages:
large noise (10s kHz-1MHz)
crosstalk
afterpulsing
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Observation of Cosmic Ray Cherenkov Image with a 
Multi-Pixel Photon Counter Array

18

✴Pulse height distribution by 
19 ns time slice for each 
pixel in R8900 MAPMT or 
MPPC Array

Camera readout triggered by 2-fold coinc. 
of summed last dynode from 4 central 
R8900 MAPMTs
 (of course, one of readout boards of 
central tubes (purple) developed problem 
during LED calibration before data 
taking).

Sum of time slices 2-6

MPPC Array

PMT 2

Cosmic Ray Shower imaged on TrICE Telescope camera
• Camera is 4×4 array of Hamamatsu R8900 MAPMT

• 6×6mm2 pixels
• Operated at 600V with Gain ~1-2×105

• Replace one R8900 with 4×4 array of MPPCs

Very Large Pulse Height Event
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Photodetectors - Baseline

19

Modular Camera

2.8° x 2.8° subfield with 1600 0.07° 
pixels (~ Whipple FoV).  Each 
subfield has a monolithic backplane 
and integral pattern trigger, HV 
control, Gbps outputs to DACQ 
system.

One 64 channel module, shown with 2” MAPMT 
(4 16 channel MAPMTs are baseline option).  4 
1” UBA PMTs are probably the best current 
choice. Front end electronics, and possibly ADCs 
are located on boards.  Flex circuits allow 
adjustment for a curved focal plane.

I still think the strawman design should look very much like that in our first 
R&D proposal

One 64 channel module with 2” MAPMT
Front end electronics located on boards.
Flex cable allows for curved focal plane.
Can tile “lego” fashion to approximate 
focal plane with 3-4mm stairstepping of 
tubes.

2.2°×2.2° subfield with 1600 0.054° pixels
Subfield has monolithic backplane with 
trigger electronics, HV control, Gb/s output 
to DACQ

Baseline is 64 anode MAPMT:
~6×6mm2 pixels
0.0545° sq / pixel
89% active
Tile camera plane in lego fashion to follow non-planar camera plate

conceptual drawing courtesy J. Buckley
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Trigger

20

Monte Carlo simulation of 
γ/hadron separation with 
parallaxwidth.  
Simulation used array of              
(19) 10-meter telescopes 
spaced  60 meters apart.  

Motivation: Lower Energy Threshold/ Bkgd CR Rejection
GRB detection
Dark Matter Search
High z Blazars & EBL measure
Pulsars

Implementation:
Fast Topological Trigger
Combine with high Q.E. PMTs

Overview:
Use calculation of major 
axis of ellipse in lowest 
level trigger

Intersection of axes at 
array level -- parallactic 
displacement
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Trigger System Concept

21

• Multi-Level Trigger System

In
pu

t M
od

ul
es

Event
Data

Trigger
Data

THR

“Level 1.5”
“Level 2”

PMT Preamp Discriminator
“Level 1”

DAQ

Camera Trigger
Custom Crate

Front End

L1 Signals
From

Backplane

Output
To
L2

ADC & Pipeline

Lvl 1.5:
1/region
receives signals & performs 
neighbor logic

Lvl 2:
1/camera(telescope)
performs moment analysis

Lvl 3:
1 for array
receives moments & timestamp 
from Lvl 2
parallactic analysis
calculate hold-off from timestamp

Complete single camera 
trigger test to be carried out 
parasitically on one VERITAS 
telescope this Spring (2009)

Prototype trigger boards in 
checkout at Argonne

Installation at VERITAS to begin 
early April.
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Readout

22

Switched Capacitor Array ASIC
Digitize in front end; reduce cables from camera
Gigahertz Sampling; ~8µs latency
≥ 8-bit dynamic range
~4×105 Channels (104 pixels/telescope × 36 telescopes)
Cost: $20-30/ch (target $15/ch)  cf. G. Varner for reality check
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Summary

23

 Advanced Gamma-ray Imaging System (AGIS) concept targets a sensitivity increase 
of order of magnitude compared to present generation IACT arrays

– Push limits or discover particle dark matter
– Study structure of galactic sources
– Search for TeV counterpart of GRBs
– EBL and Lorentz Invariance Violation study via AGN (larger Z)
– Dark accelerators & unexpected new phenomena

 Design of the Array is maturing with several systems baselined
– 36 telescope array of Schwarzschild-Couder instruments
– MAPMT camera, ASIC readout, topological trigger
– Site possibilities being explored

 R&D has been proceeding for past ~2 years and is continuing
 Proposals/plans for prototype telescope in next 2 years
 Collaboration is established and envisions growing
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Supplemental Material



Controller board 
(embedded 
computer with OS)

Edge sensor prototype

Prototype Stewart Platform mounted on ALMA mirror
5 degrees of freedom inexpensive joint design
Individual actuators can be positioned with ~1.5 µm
Cost requirements: <2K per hexapod


