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Overview of Evidence for Dark Matter (I)

 Jan Oort in 1930s observed M/L ~ 3 from 
Doppler shifts of stars in Milky Way 
galactic plane.

 Fritz Zwicky first noted that luminous 
matter in galaxy clusters was much less 
than total mass of cluster

– velocity dispersion of galaxies within 
cluster

– perhaps first to propose to use 
gravitational lensing to determine 
cluster masses.
(one column letter to editor!!!)

– Coma Cluster which Zwicky cited as 
evidence for unobserved mass was a 
VERITAS observational target earlier 
in 2008; no signal observed.
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n.b. earlier reference: F. Zwicky, Helv. physica acta, 6, 110 (1933).
also see F. Zwicky, “Nebulae as Gravitational Lenses”,Phys. Rev. 
51, 290 (1937)

Dark matter mapped (blue) in 
Bullet Cluster by gravitational 
lensing.  Hot x-ray gas (red) 
is bulk of normal matter.
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Overview of Evidence for Dark Matter (II)

 Vera Rubin and Kent Ford published first 
paper on rotation of Andromeda galaxy in 
1970 indicating rotation curve falling 
slower than expected from Keplerian 
motion.

 In 1980 Rubin, Ford and Thunnard publish 
rotational properties of 21 Sc spiral 
galaxies showing unequivocal evidence of 
dark matter dominance of galaxies
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Overview of Evidence for Dark Matter (III)

 Measurements of CMB multipole moments 
and fits to same give (+SN Ia + BAO)
Ωbaryonh2 ≈ 0.0227 ➙ Ωbaryon = 0.0456
Ωmatterh2 ≈ 0.136 ➙ Ωmatter = 0.274
h ≈ 0.705

 Inferred D/H ratio agrees well with BBN
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Why Look for Dark Matter in Dwarf Spheroidal Galaxies?
 Stars in dSph galaxies have large velocity dispersions 

which can indicate
a) Large Mass/Light ratio ➯  possible dark matter 

concentrations
b) Tidal disruption of galaxy by Milky Way

 Central velocity dispersion has been shown to be 
generally good indicator of mass

 Earlier data indicated that possibly all dSphs embedded in 
DM halo of >~107M☉ indep. of luminous mass

 Low intrinsic (non-DM) γ-ray production
 Willman 1 may be least massive dwarf galaxy found to 

date (~few ×105M☉)
– new class of dwarf residing in less massive DM halo?
– tidally stripped by Milky Way and once more 

massive?
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N.F. Martin et al., arXiv 0705.4622v1 (2007)
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Review
Particle Physics Astrophysics

Line of Sight Integral over Source Region

Benchmark WIMP Model: 
mx = 1 TeV

<!v> = 3 x 10-26 cm3 s-1

BR(""#bb)=0.9 and BR(""#$$)=0.1 

14 N. F. Martin et al.

Figure 11. Comparison of the mass-to-light ratios (M/L)
and mass estimates (M) for the faintest known dwarf galax-
ies with central velocity dispersion estimates (filled stars). In
all cases, the mass estimates were derived using equation (3).
For Draco and Ursa Minor, we use the core radii and ve-
locity dispersions quoted in Irwin & Hatzidimitriou (1995) and
Armandroff, Olszewski & Pryor (1995) while we use those quoted
in Chapman et al. (2005) for AndIX. For UMaI, the hollow star
represent the 99% confidence higher mass limit obtained from the
cold component they it may harbor (see § 5) while for CVnI, the
two hollow stars represent the two diverging estimates obtained
using either the cold more metal-rich half of the sample or the
hot metal-poor half Ibata et al. (2006).

inferred mass distribution of faint satellites. Although it does
appear highly dark-matter dominated with a mass-to-light
ratio estimate ranging from ∼ 470 to ∼ 700, this object is at
least one order of magnitude less massive (M ∼ 5×105 M!)
than brighter dwarf galaxies who share masses of ∼ 107 M!

or higher.
With the mass we infer, it is readily visible in Fig-

ure 11 that Wil1 is also a clear outlier from the Mateo
(1998) relation between M/L and the luminosity of a dwarf
galaxies in the Local Group. This is not surprising since
this relation (M/L = 2.5 + 107/(L/ L!)) naturally assumes
that dwarf galaxies have masses higher than 107 M!. Even
though the uncertainties are sizeable, Wil1 would need to
be at least ten times more massive to follow the relation.
Keeping the same structural parameters, this would mean
that the central velocity dispersion would have to be at least√

10 ∼ 3 times higher than the one we have measured, that is

∼ 13 km s−1, which is hardly compatible with the DEIMOS
observations. Does it mean that a numerous population of
small satellites (such as the structurally similar Segue 1;
Belokurov et al. 2006c) residing in less massive dark matter
halos than brighter dwarf galaxies (∼< 107 M!) have until
now eluded us? Or does it mean that Wil1 was once a more
luminous and massive dwarf galaxy and that its outskirts
have been stripped out by tidal interaction with the Milky
Way, leaving only its central population visible at present?

Firstly, it has to be noted that equation (2) and (3) are
only valid for a system with a constant mass-to-light ratio.
The mass estimates determined here only correspond to the
central regions of the satellites where stars can be used as
tracers. Therefore, it does not rule out per se that Wil1
could be embedded in a dark matter halo that is as massive
as brighter galaxies. However, the low central mass estimate
of this dark matter halo compared to the brighter galaxies
would still hint at a halo with a lower central density and
still make Wil1 a peculiar object.

The heating of an initially colder central population
could also produce the observed velocity dispersion. While
the metallicity spread that is measured within Wil1 ar-
gues against the simple disruption of a globular cluster, one
could argue that Wil1 is the remnant of a CVnI-like struc-
ture with only the colder core population remaining after
stripping of the hotter component by tidal interaction with
the Milky Way. However, in such a scenario, a significant
amount of material would have to have been stripped to ex-
plain the absence of an underlying hot component in the
spectroscopic data, at odds with the photometric data that
do not show tidal tails containing a significant part of the
whole satellite (Willman et al. 2006). Moreover, according
to Piatek & Pryor (1995) the influence of tidal interaction
of the measured velocity dispersion becomes significant at
high distance from the center of the satellite whereas for
the Wil1 sample that extends to ∼ 2rhb, there is no vis-
ible increase of the dispersion with distance in Figure 10.
Although the number of stars is too low for a detailed anal-
ysis, this does not favor the presence of strong tidal tails.
Thus it would seem more likely that Wil1 is a highly dark
matter dominated object although it resides in a much less
massive dark matter halo than those of brighter dwarf galax-
ies such as Boo. The small systemic velocity of this peculiar
object (vgsr = 33.0 km s−1) could mean it does not have a
strongly radial orbit around the Milky Way, which could in
turn explain why this object has survived until now.

Though dark matter halos are expected to form down to
planet-mass structures (Diemand, Moore & Stadel 2005), a
minimum mass is required to have a deep-enough potential
to retain gas and eventually form stars. Therefore Wil1 could
be of significant help in understanding how the lowest-mass
systems form if it is confirmed to inhabit a low mass dark
matter halo. Such a confirmation could come from the search
for extra-tidal stars whose presence or absence would make
it clearer if it is an unbound alignment of stars, a surviving
core or a complete system. Besides, the presence of kinemat-
ically different populations in CVnI (Ibata et al. 2006) and
perhaps UMaI yields significantly different mass estimates.
Plotting these mass estimates on Figure 11 (hollow stars)
yields a significant spread in the mass-luminosity relation
that should be taken as a warning against using M/L ratios
when precise structural parameters are unknown. Moreover,
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New Dwarfs Discovered by SDSS
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VERITAS Collaboration MeetingJanuary 3rd, 2008 4

New Dwarfs

VERITAS Targets
Strigari 2007

VERITAS Collaboration MeetingJanuary 3rd, 2008 4

New Dwarfs

VERITAS Targets
Strigari 2007

from TeVCat:  http://tevcat.uchicago.edu/

VERITAS Observability
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Observation of Galactic Center
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Aharonian et al. PRL 97,221102 (2006)

Not a good target for VERITAS: visible only in June at elev. ~30°

Data have power law dependence with no cutoff
Bulk of γ-ray emission must have non-Dark Matter origin

SLAC July‘05

DM Suspects in Gamma-Rays 

VHE Source in Galactic Center (region)

1.1 The Center of our Galaxy

Sgr A West

Sgr A East

Sgr A West

Sgr A*

Sgr A*

Figure 1.2: Radio images of the Galactic Center (Plante et al.). The top image (a
20 cm wavelength VLA image) shows the ring-shape of Sgr A East, while the spiral
shaped Sgr A West dust cloud is visible in the bottom (a 6 cm wavelength VLA
image). The bright point-like object at the center of Sgr A West is Sgr A*, which is
visible in both images.

8

20cm VLA radio image

6cm VLA radio image

Galactic 
Center

Supernova 
Remnant??
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VERITAS Status & Overview (1)

8

VERITAS Array complete and operating in 4 telescope mode since April, 2007
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VERITAS Overview & Status (2): Physical Location
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T2
Spring 2006

T4
Spring 2007

T3
Fall 2006

T1
Jan 2005

Discussing movement of T1 
to new location to provide 
more useful separation

?
Implementation of routine 
moonlight observing has 
added substantially more 
observing time (>~25%), e.g. 
91 observation hours in Nov/
Dec dark run including 22 
hrs. moonlight data. Requires 
separate handling in analysis 
due to brighter Night Sky 
Background light

Useful for blazar monitoring.

In addition, to planned 
observing program, have 
ToOs: GRB alerts, flaring AGN
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VERITAS Overview & Status (3): Stereo Observation
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Stereo observations 
provide arrival direction on 
sky and impact position of 
shower core on ground

http://veritas.sao.arizona.edu/wiki/images/0/0a/Gamma_outside_array.png
http://veritas.sao.arizona.edu/wiki/images/0/0a/Gamma_outside_array.png


Bob Wagner, Argonne VERITAS Group
HEPD Lunch Seminar
Tuesday 16 Dec 2008

Sensitivity

VERITAS Overview & Status (4):  Sensitivity

11

• Measured sensitivity to the 
Crab Nebula at high 
elevation (>65°)

• HESS ~1% Crab in 25 hours
• MAGIC ~2% Crab in 50 

hours

Off-axis sensitivity

Observation of two VHE 
γ-ray Blazar sources in 
same FOV

Physical camera radius = 1.75°

1% Crab in 47 hours

5% Crab in 2.5 hours

5σ Detection Sensitivity



Bob Wagner, Argonne VERITAS Group
HEPD Lunch Seminar
Tuesday 16 Dec 2008

VERITAS Dark Matter Key Science Project
 Dark Matter search is one of four VERITAS Key Science Projects that receive an 

unreviewed time allocation beyond proposals to the Time Allocation Committee (TAC).  We 
are in second year of key science project allocations

– Sky Survey of Cygnus region
– Supernovae Remnants/Plerions (Pulsar Wind Nebulae)
– Blazars
– Dark Matter

 Dark Matter search carried out by Dark Matter Science Working Group which administers 
KSP, other Dark Matter proposals, analysis, and planning (Karen Byrum, Deputy Leader).

– Since nature of DM unknown, target a variety of object types: galaxy clusters, local 
large galaxies, globular clusters, and dwarf spheroidal galaxies (dSph).

– Observation Program

12

M33, local spiral, 12hrs 2007/8

M32, local elliptical, 10hrs 2008

globular clusters, 2006/7, poor weather

M13(7 hrs) M15(9 hrs)

Coma Galaxy Cluster, 20hrs 2008

M5, globular cluster, 
approved for 15hrs, 2009

So how about the dwarfs?...
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The Dwarf Spheroidals
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Willman 1, dSph
possible Globular Cluster, 
13.7hrs Dec 2007 - Feb 2008

Ursa Minor, dSph
26hrs Feb-May 2007

Draco, dSph
22.3hrs Apr-May 2007

Willman?

Willman

Boötes, dSph
15 hrs 2009?

SEGUE 1, dSph or 
Globular Cluster
15 hrs 2009?

Hoping for both SEGUE 
and Boötes in 2009.  
Time allocated for 1.

or Why There’s Dark Matter Out There
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VERITAS Data Analysis Stream

 Analysis accomplished through several competing packages:
– VERITAS Gamma-ray Analysis Suite (VEGAS)

• Chosen standard analysis package
• Very easy to use with wide variety of options
• Had initial problems and bugs that prevented spectral analysis, but is now mature 

reliable suite of analysis
– EventDisplay

• original display and analysis program
• still widely used as primary and secondary analysis
• avoided many of initial problems of VEGAS (due to smaller developer group?)

– ChiLA (Chicago/L.A. analysis)
• Combines simulation and analysis packages
• Pretty much used only by UCLA group
• Secondary analysis done for Dwarf Galaxy data and primary simulation for dark 

matter search

14
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3.2. THE VERITAS ARRAY

Figure 3.26: The effect of TO f f set correction to the arrival time of pulses over the camera. The

red distribution shows the average arrival time of pulses per channel from a laser run. The green

distribution shows the same quantity after TO f f set corrections. Figure courtesy of Peter Cogan.

ployed in order to pad the data against positive fluctuations from this background. This is

accomplished through the use of pedestal injection which is described for the Whipple 10

m system in section 3.1.5. Similarly, pedestal events are artificially triggered at a rate of 1-3

Hz within the VERITAS trigger system. There are several differences between the pedestal

calibration for VERITAS as opposed to the Whipple 10 m however. Firstly, in order to more

accurately parametrize changing night-sky conditions due to rotation of the field of view,

the pedvar corrected charge per pixel is calculated every three minutes during the data run.

Additionally, extra care is needed to properly set what window the FADCs will integrate

the pedestal events over. To ensure an accurate statistical measurement of the NSB, a few

different FADC window sizes (2-10 samples) are chosen. In addition to this, the start time

of the sample within the trace is chosen at random on a trace-by-trace basis (Cogan, 2006).

The pedestal measurement is then averaged over all start times and integration windows per

channel to give the most reliable measurement of the pedestal statistics possible.

• TO f f set Calibration: As was mentioned in the previous section, when illuminated by laser

light falling simultaneously on every pixel, each pixel will have a slightly different value

of T0, or the time at which the pulse within the FADC for that pixel reaches its 50% mark.

This is mainly due to slightly different high voltage settings of the pixels. In order to correct

for this discrepancy the calculation of the TO f f set value for each channel must be calculated

which is simply the average difference between the signal arrival time in an individual pixel

86

VERITAS Data Analysis Stream -- VEGAS
 Analysis Suite consists of six separate stages with dedicated executables plus visualization 

application and dozens of ROOT macros to perform analysis tasks
– Based on ROOT for data model and graphical interface
– Stage 1: Calibration analysis

• Applied both to observational data and separate
dedicated laser run data

• Time dependent pedestal calculation
• Laser run: gain equalization & time offset for each pixel

– Stage 2/3: Calibration application & image parametrization
• Stage 2 & 3 combined in upgraded VEGAS to save time

and reduce file size
• Time dependent pedestals subtracted, pixels gain corrected
• Pixel cleaning

(5σ above ped for “picture”; 2.5σ for “boundary”)

• Second moment analysis to calculate
elliptical (Hillas) parameters of image

15
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VERITAS Data Analysis Stream -- VEGAS (2)

 VEGAS Stages (cont.)
– Stage 4: Array level shower stereo reconstruction

• Apply cuts on Hillas parameters to eliminate Night Sky Background, hadronic 
showers, and events near camera FOV edge

• Calculate image angular position in sky and impact parameter on ground, i.e. 
trajectory of shower

• Use image parameters to estimate energy from simulation lookup table
• Calculate array level parameters, e.g.
– Mean Scaled Width -- Ratio Width to expected width from simulation as 

function of size and impact parameter of shower; averaged over n telescopes
– Mean Scaled Length -- same for length parameter
– Θ2 -- squared angular distance of image from

assumed source position
– Stage 5: Gamma-ray selection

• Application of cuts to data to select gamma-ray sample
– Stage 6: Results extraction; many options including

• Calculation of number signal and background events
• Estimation of signal significance
• Calculation of mean effective area
• Spectral analysis

16

3.2. THE VERITAS ARRAY

Figure 3.28: Demonstrating the computation and efficacy of the mean scaled parameters as they

are explained in the text. The top row shows the look-up tables for MSW (left) and MWL (right).

The calculation of MSW/MSL for an array event proceeds by averaging the length and width slices

for a set size and impact parameter (given by the array reconstruction of the event) within these

lookup tables. This average is then size weighted and summed over the equivalent calculation

for the event as seen in all telescopes in the array. The bottom row shows the use of MSW and

MSL as cut parameters for cosmic ray rejection. The red distributions shown are from gamma-ray

simulations with the black distributions representing cosmic-ray simulations. The allowable range

generated by the cuts are shown by purple lines. The gamma-ray distribution for both MSW and

MSL is much more compact and limited in range.

91
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Dwarf Galaxy Observation Analysis:
 Signal and Background Estimation

 “Standard” analysis of data from IACT observations estimates:
– NON ≡ # counts in defined signal(test) region
– NOFF ≡ # counts in defined backgrd region

 Excess (or deficit) counts and significance derived:
– NExcess = NON - α NOFF

– Significance: (assuming all backgrd. in ON region)

– α ≡ normalization to correct for differences in signal and bkgd regions
       typically is ratio of area of signal to bkgd region, but can vary over FOV

– λ ≡ likelihood ratio statistic
√-2lnλ ➙ absolute value of n(0,1) distribution

 Challenge is to define suitable background region that gives high statistical precision 
without introducing excessive systematic uncertainties.

– Several methods used, with varying advantages/disadvantages 
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ref: T-P. Li & Y-Q. Ma, ApJ, 272, 317(1983), Eqn. 17

excellent ref: D. Berge, S. Funk, J. Hinton, A&A, 466, 1219(2007)
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Background Estimation Methods
 ON/OFF Separate Runs

– Initial method for imaging Cherenkov telescopes; developed for single telescope 
systems

– ON and OFF runs taken in pairs with OFF run covering same region of sky separated 
in Right Ascension from ON by time difference of runs.

– Removes variations in acceptance across field of view
– Only assumes acceptance not dependent on RA.

• Good assumption unless significant differences in celestial environments, e.g. 
bright stars in FOV for one region

• Environmental differences can be corrected by “padding”, adding random noise to 
events in region with lower sky backgrd

– Low statistics and guarantee half the data have no signal.
 Modified ON/OFF:  FOV Background

– Accumulate data from many observations giving no γ-ray signal over large range of 
zenith angles.

– Gives large statistics background estimate over FOV for ON observations
 Template Method

– Use ON region but select events failing γ-ray selections
– Useful for extended sources

 Methods using signal and background regions in same field of view:
– Reflected regions (Wobble)
– Ring background

18

} Generally best for source detection
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Reflected Region Background Estimation (Wobble Bkgd)

19

D. Berge et al.: Background modelling in γ-ray astronomy 1223
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Fig. 4. Count map of γ-ray-like events from 5 h of HESS observations of the active galaxy PKS 2155–304 (Aharonian et al. 2005d). Note that the
data were taken in wobble mode around the target position with alternating offsets of ±0.5◦ in declination. The ring- (left) and reflected-region-
(right) background models are illustrated schematically.

function must be used in the determination of the normali-
sation α for each position on the ring. The ring-background
method is illustrated schematically in Fig. 4 (left).

3.2. Reflected-region background

The reflected-region-background model was originally devel-
oped for wobble observations (Aharonian et al. 2001, 2006c),
but can be applied to any part of the FoV displaced from the ob-
servation position. For each trial source position a ring of noff
OFF regions is used (see Fig. 4 (right)). Each OFF region is the
same size and shape as the ON region and has equal offset to the
observation position (note that here the ring is centred on the ob-
servation position, while for the ring background technique the
ring is centred on the trial source position). The method is called
reflected-region method because the ON region is reflected with
respect to the FoV centre to obtain one OFF region. In the gen-
eral case as many reflected OFF regions as possible are then fit
into the ring whilst avoiding the area close to the trial position
to prevent contamination of the background estimate by mis-
reconstructed γ-rays. Due to the equal offset of ON and OFF
regions from the pointing direction of the system, no radial ac-
ceptance correction is required with this method and α is just
1/noff. This is particularly helpful for spectral analysis where an
energy-dependent radial acceptance function would otherwise
be required. In case the γ-ray source was observed under a large
range of offset angles with respect to the system pointing direc-
tion, for example as part of a sky survey, the normalisation α
might differ substantially from run to run. In this case, a suit-
able averaging procedure has to be applied to both nominator
and denominator of Eq. (2): the exposure measure is weighted
by a factor taking account of the offset of the source from the
pointing direction (this factor might be calculated as the ratio of
the γ-ray acceptance at the offset of the run to the acceptance at
a reference offset).

We note that the tracking-ratio method (Kerrick et al. 1995),
first applied to the data of the Whipple observatory 10m tele-
scope, is somewhat similar to the reflected-region method. In
that approach, the source or signal region is defined by images

pointing towards the putative source location, the background
level is estimated from images pointing away from the source
direction. This background model is only suitable for single-
telescope data and is therefore not investigated here.

3.3. Template background

The template-background model was first developed for the
HEGRA instrument and is described in Rowell (2003). This
method uses background events displaced in image-shape pa-
rameter space rather than in angular space. A subset of events
failing γ-ray selection cuts are taken as indicative of the lo-
cal background level. The approach is demonstrated in Fig. 5
(left), where the distribution of the mean reduced scaled width
(MRSW) is shown for γ-ray and proton simulations (the sepa-
ration potential of the MRSW is clearly seen; it is frequently
used for background suppression in HESS analyses (Aharonian
et al. 2005d)). Events falling into the Signal regime are consid-
ered γ-ray-like events and are taken as ON counts, events falling
into the background regime (3.5σ ≤ MRSW ≤ 8σ) are con-
sidered cosmic-ray-like events and are taken as OFF counts.
The normalisation α is calculated as the number of events in
the Signal regime, excluding the source region, divided by the
number of events in the Background regime. A correction fac-
tor depending on the position in the FoV has to be applied to
α since the system responds differently to the cosmic-ray-like
than to the γ-ray-like events. Therefore, an additional radial
acceptance curve for the Background regime has to be deter-
mined. This cosmic-ray acceptance curve depends on the choice
of Background regime. In practice it turns out that the system
acceptance becomes very different from the γ-ray acceptance
if Signal and Background regime are too far apart. This is un-
desirable because the necessary correction factor would vary
strongly within a FoV, potentially increasing systematic uncer-
tainties. The choice of Background regime is thus a compromise
between good separation from the Signal regime and small α
(i.e. reasonable event statistics), and obtaining a background sys-
tem acceptance function which does not differ substantially from
the γ-ray acceptance. For the particular choice of Background

from D. Berge, S. Funk, J. Hinton (fig. 4)

HESS observation of PKS 2155-304

Reflected region background in practice:
✦ Declination distorts RA position of 
background regions
✦ Regions are determined in camera 
coordinates

Generally used to provide an overall estimate of 
(non)significance of a possible source (1 number)
This can then be used for overall flux or flux limit
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Ring Background Model

20

 Applicable to any point in the Field of View
 Generally insensitive to deviation of data 

from acceptance model
– Background counts must be 

convolved with acceptance map 
within background ring

 Used for construction of significance map
– Although bins are correlated, 

distribution of significances in 
absence of signal is n(0,1)

Perimeter of significance map Max angular distance from 
observation position

Source and bright star 
regions excluded from 
bkgrd calculation

ON region

On region

Ring OFF region
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Results of Wobble Analyses

21

Source ON OFF Significance

Draco 305 3667 -1.511

Ursa Minor 250 3084 -1.772

Willman 1 326 3602 -0.077

Preliminary

OFF/ON area = 11/1 ➙ α = 0.09091
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Significance Maps of Dwarf Galaxy Regions

22

Draco

Ursa Minor

Willman 1



Bob Wagner, Argonne VERITAS Group
HEPD Lunch Seminar
Tuesday 16 Dec 2008

Construction of Flux Limits

23

 Use Rolke et al. Profile Likelihood method [ref. NIM A551 (2005) 493]
– Test hypothesis, H0(µ0,b0) where signal, µ0, is given; b0 maximizes likelihood given µ0

vs.
alternative, H1(µ1,b1) where µ1, b1 maximize likelihood
• µ ≡ # signal events       b ≡ # background events
• x ≡ total events in signal region
• y ≡ total events in background region

– Similar to Feldman-Cousins, but background is unknown and treated as nuisance 
parameter

– Assume signal and background event counts are Poisson distributed
• µ1 = x - (y/τ)              b1 = y/τ

• b0 = {[(x+y) - µ0(1+τ)] + ([(x+y) - µ0(1+τ)]2 + 4(1+τ)µ0y)½}  /  2(1+τ)

• λ(µ0 | x,y) = ℒ(µ0,b0 | x,y)  /  ℒ(µ1,b1 | x,y)
– ℒ(µ,b | x,y) = [(µ+b)x/x!] e-(µ+b) [(τb)y/y!] e-τb

} τ ≡ background region size/signal region size
  = 1/α

-2Ln λ(µ0 | x,y) is χ2(1)
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Physical Flux Limits
 Useful flux unit:  counts cm-2 s-1 above some energy threshold

– requires estimating effective area of telescope
• Calculated on event-by-event basis using

effective area vs. energy, zenith angle, azimuth, and noise
• Average effective area of all ON events

– Need to define energy threshold
• No precise energy that defines threshold
• Usual definition is characterization

 of “detector response”
– Convolve effective area with (assumed)

spectral energy distribution; typically use
Crab spectrum scaled to some assumed
flux as percentage of Crab

– For dwarf analysis,
use 3% Crab with Flux ∝ E-2.5

– Energy Threshold defined as energy at
peak of Detector Response

24

Draco detector response

Fold w/Crab Spectrum
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Dwarf Galaxy Flux Limits
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Source Counts
95% c.l.

Effective
Area
(m2)

Energy
Threshold

(GeV)

95% c.l.
Flux Limit
(cm-2 s-1)

Draco 8.70 44,228 340 2.97×10-13
 (~0.29%Crab)

Ursa 
Minor 3.34 50,185 440 9.78×10-14

(~0.14%Crab)

Willman 1 36.7 37,118 250 2.01×10-12
(~1.3%Crab)

Preliminary
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Older Analysis Comparison to WIMP Models
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DM Limits

figure by Matthew Wood, UCLA, Jan. 2008
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The Future
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 VERITAS will observe at least one dwarf galaxy in Spring, 2009 (SEGUE 1 or Boötes)
– Approved for 15 hours
– Hope to persuade collaboration and TAC to include both
– Expect that some dark matter targets will continue to be part of the VERITAS observational 

program
– Follow-up unidentified VHE gamma-ray sources from Fermi/GLAST

• Not necessarily dark matter halo candidates,
but those may be among the mix!

 Two groups proposing next generation VHE γ-ray IACTs
– Cherenkov Telescope Array (CTA)

• mainly European institutions
• appear to have good support

from planning/funding agencies
• n.b. Vic Guarino doing design work

on 12m Davies-Cotton candidate for CTA
– Advanced Gamma-ray Imaging System (AGIS)

• mainly U.S. with collaborators from Mexico, Argentina, Germany
• Argonne VERITAS group involved in several areas
– Fast topological trigger system (Gary D., Karen B., Andy S. plus Frank Krennrich at 

Iowa State
– Schwarzschild-Couder two mirror telescope OSS design (Vic G., Karen B., Bob W.)
– Photodetector development (SiPM and/or MAPMT; Gary D, Bob W.)

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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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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 Dwarf spheroidal galaxies may be most Dark Matter dominated objects
– lack of recent star formation and low luminous mass suppresses known astrophysical 
γ-ray backgrounds

– Mass/Light ratios ~ few hundred or greater are inferred
 VERITAS, HESS, MAGIC (and previously Whipple 10m) have all targeted dSph’s to search 

unsuccessfully for a VHE γ-ray signal
– Unless there is a significant boost factor from central clumping in these galaxies, 

present generation telescopes may be one or two orders of magnitude from sensitivity 
to see a WIMP-like signal

 Future array such as CTA or AGIS could address model elimination or signal detection in a 
statistically significant manner

 Fermi/GLAST with its ability to view entire sky could provide interesting targets for follow-up 
by IACTs now and for future arrays.

 Indications of excess high energy electrons/positrons observed by ATIC & PAMELA have 
interesting implications for follow-up by IACTs
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Cherenkov Telescope Basics - Imaging
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Control Room

3.5º FOV

499 PMT camera

Davies-Cotton f/1.0 optics. 
Total mirror area = 110m2
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Stereo Shower Reconstructions

Stereo image projected onto the sky 
with origin within camera FOV

Stereo image of large shower 
originating outside FOV



Data Acquisition 
• PMT signals digitised with 500MHz 

sampling FADCs

• Data rates

– 24 samples/channel

– 13.5 kb/event/Tel @ 250 Hz

– 15 Gb/hour ! 

– 15 Tb/year

Integrated Pulse
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Figure 7.9: 7.9(a) shows the distribution of excess counts in the field of view,
while 7.9(b) shows the statistical significance at each point in the grid.
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Figure 7.9: 7.9(a) shows the distribution of excess counts in the field of view,
while 7.9(b) shows the statistical significance at each point in the grid.
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Crab Nebula 2D Significance Distribution

Figure 7.10: Distribution of significances from the two-dimensional significance
map in Figure 7.9(b). The excess of events on the right side of the map is due to
the Crab Nebula, whereas the excess of events at the left side of the plot is due to
the star bright zeta tau and the exclusion region around it.

Three approaches are considered here; the scaled one-zone SSC model
from Stecker et al. (1996) (hereafter Stecker), the Fossati et al. (1998) model
modified by Donato et al. (2001) and Costamante and Ghisellini (2002) (here-
after modified-Fossati model) and the one-zone SSC model by Costamante and Ghisellini
(2002) (hereafter Costamante model).

The Stecker model assumes a one-zone SSC model calibrated by non-
contemporaneous multiwavelength data on Markarian 421. TeV fluxes are
predicted by applying a scaling law to the emission spectrum of the first
peak in the SED. The model assumes the luminosity and spectral shape from
both the first and second peak are identical (apart from the upshift scaling).
Absorption from the intergalactic background (Section 3.8) is applied by
taking the average between models 1 and 2 from Stecker and de Jager (1997).
The scaling law is applied to data from the Einstein Slew Survey to select
VHE candidates.

In the modified-Fossati model, the peak frequency of the synchrotron
spectrum and the relative importance of the inverse-Compton power are de-
termined by the radio luminosity. The Donato et al. (2001) modification
assumes a different relationship between the radio power, inverse-Compton
power and synchrotron peak frequency, but only for objects below a radio lu-
minosity of 1043ergs−1. In this modification, objects of low power are assumed
to have equal luminosities in the synchrotron and self-Compton components
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Figure 7.8: The top left figure shows the distribution of acceptance of gamma-ray
events in the field of view. The top right figure shows the acceptance map with
the circular signal integration region accumulating events at each grid point. The
bottom figure shows the distribution of the alpha parameter which is the ratio of
signal-to-background acceptances. All three figures are discussed in the text.
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Figure 7.8: The top left figure shows the distribution of acceptance of gamma-ray
events in the field of view. The top right figure shows the acceptance map with
the circular signal integration region accumulating events at each grid point. The
bottom figure shows the distribution of the alpha parameter which is the ratio of
signal-to-background acceptances. All three figures are discussed in the text.
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Figure 7.5: Distribution of arrival directions of candidate gamma-ray events for
the Crab Nebula dataset - see text of discussion.

indicating the grid point size. Figure 7.6(b) shows the background in each
grid point calculated using an annulus of inner radius 0.5◦ and outer radius
0.8◦. An example of such an integration annulus is shown in the upper left
quadrant of Figure 7.5.

The field of view of the Crab Nebula contains the bright star zeta tau,
with a large number of PMTs turned off in that region. In order to reduce
systematic error on the background calculation in surrounding regions, an
0.5◦ exclusion region is placed around the star. Events that fall within the
exclusion region are not counted in the background estimation. An exclusion
region is also placed around the putative position of the Crab Nebula so that
events that are likely to be gamma rays are not counted in the background
calculation of surrounding grid points. Both of these exclusion regions, as
well as inhomogeneities in the camera response and sky brightness in the field
of view strongly affects the signal acceptance. Thus an accurate measurement
of the acceptance for both signal and background events must be modelled
(this is covered in the next section).
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Ring bkgd for Crab Nebula
Acceptance map 
at each grid point Signal acc./Bkgd acc. map

Significance dist. for each point in map at left.
high side tail is from Crab
low side tail is from excluded star bias
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MSL: 0.05-1.36  &  Θ2 < 0.2


