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Abstract: A probability density method for Very High Energy (VHE) γ-ray source analysis, developed
using simulations and Crab Nebula data for the Whipple 10 m telescope, is presented here. Background
subtraction is implemented by a modified standard approach using cuts on Hillas parameters, but the use
of more complex single cut species discrimination by a kernel multivariate analysis is discussed. The
probabilistic method adopted can also be extended into a log likelihood technique where data character-
istics such as source strength, extension or multiple sources within the field of view can be determined.

Introduction

The work presented here is an illustrative outline of
attempts to develop a complete probability density
analysis method capable of detecting weak sources
of VHE γ-rays with improved sensitivity. It has
been developed using archival Whipple 10m tele-
scope data [7] and Corsica simulations [5].

The method

Standard analyses in use [9] use moments of the
elliptical shape produced by air shower images to
produce Hillas parameters [10]. They also assume
the true source location lies somewhere along the
major axis of the image. The extent of the angular
distance from the image centroid to the assumed
origin point, disp, is dependant on the ellipticity of
the image;

disp = ζ

(
1− width

length.(1 + η.leakage)

)
(1)

The additional parameter leakage in equation 1 has
been proposed by the HEGRA group [8] to correct
for image leakage which adversely effects the abil-
ity to reconstruct source event origins accurately 1.
Image leakage is given by the total size content of

pixels in the outer camera rim compared to the total
image size content.
Each possible source location is smoothed with a
circular Gaussian or tophat error function [9]. To
investigate whether further information can be ob-
tained by using a different error function all images
taken with a point source at the center of the cam-
era can be rotated so that their major axes lie par-
allel to the x-axis (fig.1 top). The resulting spread
in reconstructed origins shows that on average the
error function is more accurately described by an
asymmetric Gaussian with the longitudinal error,
σx, being larger than the transverse case, σy , by
a typical 2:1 ratio as demonstrated by Gaussian
fits (fig.1 bottom) to the cross-sections of the data
(fig. 1 top), where σx = 0.178 ± 0.004 and σy

= 0.076 ± 0.003. This approach verifies that dis-
cussed in [6]
Using a normalised asymmetric Gaussian, the
probability density, pg, that the event originated
from a particular bin in the field of view is given
by

pg =
1√

2π(σ2
x + σ2

y)
e
−

[
(x− x0)2 + (y − y0)2

]√
2(σ2

x + σ2
y)

(2)

1. The leakage parameter and correction is not used in
standard methods, but is included in this work.
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Figure 1: Top: The excess remaining from the ro-
tated origins of ON and OFF observed fields from
Crab Nebula archival data. Bottom: Gaussian fits
to the transverse (solid) and longitudinal (dotted)
cross-sections given above. The asymmetric dis-
tribution of the reconstructed source origins from
many events is representative of the average error
function in the ability to locate a source, the longi-
tudinal direction having a greater uncertainty.

where x0 and y0 are the coordinates of the recon-
structed origin, and σx and σy represent the tran-
verse and longitudinal uncertainty in location re-
spectively.
A total 2d probability density map is then built by
the superposition of all candidate events remaining
from a dataset after selection. This sum is called
PON for the ON (source present in field of view
during observations) and POFF for the OFF fields
respectively, and the significance in this work is
given by

σ =
PON − POFF√

V ar(PON) + V ar(POFF )
(3)

Figure 2: Example of how the probability contours
from two events are implemented to built up a 2d
probility density map. The top plot uses the cir-
cular Gaussian function typical of the standard ap-
proach, whereas the lower case shows the use of
an appropriate asymmetry in σx and σy applied to
each event. The event centroids and major axes are
indicated.

The validity of this approach has been tested and
confirmed by an independant toy model described
in [11].
Ideally, in the weak source case, the signif-
icance would be expected to scale with sig-
nal/
√

background, leading to an upper limit im-
provement of

√
2. The toy model has also been

used to demonstrate how a probabilty, pgamma,
that the candidate event is of γ-ray origin might be
superior to the box selection cuts on Hillas param-
eters which previously have been shown to be very
robust over a wide range of observing conditions.
Whipple 10 m image cleaning algorithms are de-
pendant on candidate pixels having a signal to
noise ratio equal to or above a given threshold. By
the introduction of a total island threshold for each
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Figure 3: Contour plots of the density of the rotated origins for an 11.7 hour Crab dataset where the data
has been divided into two equal halves of lower sized (left) and higher sized events (middle). Contours
increase from Right: Changes to σx (circles) and σy (triangles) with log size illustrating the changes to both
the width and asymmetry of the error function.

patch of signal in the field of view, Bond et al [2]
showed using simulations that many pixels con-
taining only background could be excluded and in-
dividual pixel S/N thresholds reduced. This work
applies Island cleaning to real data and has been
shown to be particularly effective for low energy
events or the smaller events produced by very large
zenith angle observations.
Background subtraction has been implemented in
the following by applying a set of Hillas image
parameter cuts evaluated for Island cleaned im-
ages by maximising for significance on the Crab
Nebula. Using the above 2-dimensional probabil-
ity density (2DPD) techniques, the ability to map
γ-ray sources has been shown, for significance
achieved, to be superior to previous methods by up
to 20%.
As figure 3 shows, the ability to locate a source
origin is highly energy dependant, with greater ac-
curacy for higher (middle) to lower (left) energy
events. This corresponds to a change in σx (blue)
and σy (red) with log size as illustrated by fig. 3
right.
Table 1 gives the resulting significances and γ-
ray rates for the different approaches to analysis
adopted. Fig. 4 compares the standard and 2DPD
methods for 11.7 hours of Crab Nebula data taken
during 2003. This work is discussed in detail in
[12].

Analysis Significance Rate (γmin−1)
Stan 19.39 2.13
2dpd 20.79 2.13

2dpd+asym 22.54 2.13
2dpd+isl 24.55 1.97

2dpd+isl+asym 25.69 1.97
2dpd+isl+asym+s 25.72 1.97

Table 1: Changes to significance and γ-ray rate
with different choice of analyses, where stan =
standard anaysis, isl = islands cleaning, asym. the
use of asymmetric as opposed to circular smooth-
ing and s size dependance

Further development

The single cut approach to background selection
can be implemented in various forms. Those al-
ready tested include the kernel multivariate analy-
sis [4], the semi-analytical and 3d modeling meth-
ods used by HESS [3], and random forest tech-
niques [1]. This work has developed a new, in-
dependant kernel analysis which, in addition to the
background rejection and spectral analysis abilities
demonstrated by [4], can use the resulting γ-ray
probablity as a weight of each event. Furthermore,
since the kernel background subtraction technique
allows estimation to be made of various event char-
acteristics, the most notable being evaluation of the
primary energy, then similar estimation of addi-
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Figure 4: Top: excess map of the Crab Nebula field
using the 2DPD and asymmetric smoothing ap-
proach. Significance contours are superimposed in
4σ intervals from 8σ. Middle: comparitive radial
profiles of 2DPD probability density maps for dif-
ferent cleaning and smoothing methods over entire
field. Bottom: improvement achieved over source
region.

tional event characteristics, such as the uncertainty
in the event origin and the appropriate value of σx

and σy , can also be applied when mapping individ-
ual events for improved 2d reconstruction.
Calculation of the value of pg at a given location
allows a more complex analysis of the dataset by
a log likelihood approach, so that for example the
relative likelihood of a dataset of source photons
originating from a point source as opposed to an
extended or diffuse emitting region can be evalu-
ated.
Work with the kernel multivariate analysis, the log
likelihood technique, and the application of the
2DPD method to stereoscopic scenarios are ongo-
ing and will be discussed in [11].

Conclusions

The 2d probability density method has been in-
troduced and compared to standard Whipple tele-
scope analysis and shown to be superior by up to
20% when applied to archival Crab Nebula data.
The approach and application has been indepen-
dantly verified with a toy model. Work continues
to apply the technique to candidate weak sources
in the Whipple archival data, and to extend the pro-
bility density method to stereoscopic observations
and survey analysis.
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