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We present a study of the sensitivity of the MAGIC telescope for off-axis observations. The results presented
have been obtained by the comparison of on- and off-axis Crab Nebula observations, for several positions of
the source in the field of view (FOV). The source position is reconstructed for every image using the DISP
method. The results are compared with Monte Carlo (MC) simulations. This study allows us to assess the
capabilities of MAGIC to perform sky-scans.

1. Introduction

The interest of building a catalogue of Very High Energy (VHE) y-ray sources have led the different Imaging
Air Cherenkov Telescope (IACT) experiments to carry out systematic observations of large portions of the sky
(compared to their FOV), mainly along the galactic plane [1, 2]. The recent discovery of 8 new sources using
this technique by HESS [2] raises the interest of galactic sky-scans. In this paper we show that MAGIC has the
capability to contribute to the growing VHE ~y-ray source catalogue by exploring the part of the galactic plane
observable from the Northern Hemisphere.

The critical parameters when performing a sky-scan are the angular resolution and sensitivity of off-axis ob-
servations. MAGIC achieves a relatively good angular resolution using the DISP method to reconstruct the
direction of arrival on a shower-by-shower basis (¢ ~ 0.10° at 100 GeV) [3]. In this work we show the sen-
sitivity for off-axis observations evaluated using both MC and real data from Crab Nebula observations. From
these studies we derive the sensitivity of MAGIC in view of a future sky scan.

2. Data analysis

For the present study we have analyzed data from a set of Crab Nebula observations at low zenith angle (< 30°)
at 0, 0.3 and 0.4 degrees off-axis angles, respectively. The observations were performed during September
2004 and January 2005. In order to fully characterize the sensitivity up to 1 degree off-axis angle, we have also
analyzed a sample of MC simulated y-ray events at 0, 0.25, 0.5 0.75 and 1 degrees, and compared the results
with those obtained with Crab Nebula observations.

Data are processed using a standard Hillas analysis (for a review, see for example Ref. [4]). The so-called
Hillas parameters describe the the shape (WIDTH, LENGTH, SIZE, CONCENTRATION...) and position
(DIST, ALPHA...) of the shower image within the camera. The latter parameters are meaningful only when the
position of the source within the camera FOV is known. In the present work we do not assume the knowledge
of such a position (which is the case e.g. during a sky-scan), and therefore we parameterize the shower images
using exclusively the set of variables describing the image shape.

Gamma/hadron separation is performed by means of a Random Forest classification algorithm [5]. A Random
Forest is a combination of tree predictors such that each tree depends on the values of a random vector sampled
independently among the Hillas parameters, and with the same distribution for all trees in the forest. Each
tree yields a classification of the shower into a class (y-ray or hadron candidate). A new variable called
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Figure 1. Map of excesses of the combined observation of Crab Nebula above 100 GeV at two different positions within
the MAGIC camera.

HADRONNESS is computed as the ratio of trees classifying a given image as hadron-like. HADRONNESS is
used as the final gamma/hadron discriminator in our analysis.

The direction of arrival of the individual showers is estimated using the DISP method [3]. This method is based
on the fact that, for y-ray events, the center of gravity of the image and the direction of arrival of the shower
within the camera are aligned in the direction of the image maximum elongation. The angular distance between
them can be properly parameterized depending only on the image shape (SIZE and WIDTH/LENGTH). Such a
parameterization is determined using a sample of MC simulated y-ray events and/or a data sample from a well
known point-like y-ray source (e.g. the Crab Nebula). Using DISP, an angular resolution! of 0.10° (0.08°)
for £ > 100 (E > 300) GeV is achieved, which allows us to use MAGIC in sky-scans and extended source
observations.

For off-axis observations, the background recorded in a given camera position at an angular distance r from the
camera center can be computed from the n symmetric positions in the camera, provided that r sin(w /(n+1)) >
20, where o is the angular resolution?. For an hexagonal camera as that of MAGIC n = 1, 2 or 5. The error
on the background estimation is proportional to n~'/2, so for each camera position the maximum number of
symmetric positions is used. For the region (r < 20) the background is estimated from the observations of an
empty field in the sky, where only background events are expected.

Figure 1 shows the map of the number of excess events above the estimated background for the combined ob-
servations of Crab Nebula at two different positions within the MAGIC camera. The angular distance between
the positions of the two sources is 0.35 degrees. The sources are clearly resolved.

3. Results

We have computed the sensitivity of MAGIC above 100 GeV for off-axis observations as a function of the
off-axis angle (), using both MC «-ray and real observation data samples.

1We define the angular resolution as the o of a 2-dimensional Gaussian fit to the distribution of reconstructed arrival directions for a
point-like source.

2Regions suspected to contain signal must be removed during background estimation. The 2-o level ensures that 85% of the signal
from a point-like source is removed so that the remaining 15% does not affect background estimation.
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Figure 2. Degradation of the sensitivity above 100 GeV together with signal and background efficiencies as a function of
the off-axis angle computed both from MC and Crab-Nebula off-axis observations.

MC simulated y-rays are used to compute the gamma detection efficiency. For this, about 5 x 10° gamma-
initiated atmospheric showers with a fixed incoming direction were simulated using CORSIKA [6]. The re-
sponse of MAGIC was simulated using the standard MAGIC reflector and camera MC simulation programs [7],
for the different considered observation angles (0, 0.25, 0.5, 0.75 and 1 degrees). The ~y-ray detection efficiency
above 100 GeV was compared to that obtained for on-axis observations. The results are shown in figure 2.

Background efficiency was computed using data from observations of an empty FOV at low zenith angle. For
the different considered angular distances, the number of background events were compared with that obtained
at the camera center. The obtained valuoes were combined with those of the gamma efficiencies to compute the
sensitivity degradation: so/s = %, where N, is the number of gamma events for a given off-axis angle,
Nf; the number of gamma events at angle r = 0, and similarly for the number of hadrons (Ny). The values of
the hadron efficiency and sensitivity degradation are shown in figure 2.

In order to check the results obtained with the MC simulation, we have analyzed a set of Crab Nebula obser-
vations at 0, 0.3 and 0.4 degrees off-axis angle. We have applied to these data the same analysis as for the MC
samples and compared both results (see figure 2). There is a good agreement between the results obtained for
MC and data samples.

The integral flux sensitivity®> of MAGIC above 100 GeV for point-like sources observed on-axis is 2 x 10711
cm?s~! [8]. From this value and those shown in figure 2 we can compute the sensitivity of MAGIC during
sky-scans*. Figure 3 shows the map of sensitivities of MAGIC during a sky-scan along a given direction (e.g.
galactic longitude) for two different values of the angular distance between adjacent observation positions (d).
In real experimental conditions, the minimum detectable flux depends on the sensitivity and also on the time
spent at each observation position. Thus, for a total observation time 7', covering a total angular distance D, the

minimum detectable integral flux above 100 GeV (absolute sensitivity of the scan) is given by Fiyin, = %?,

—1/2

where S is the sensitivity averaged along the camera. S is proportional to n , where n is the number of

3The flux sensitivity is defined here as the minimum integral flux observable with a statistical significance of 5 standard deviations in
50 hours of observation time.

4We are considering here a sky-scan in one direction, e.g. the galactic plane. We point the telescope at zero galactic latitude at a given
galactic longitude, observe for a given time, and then move the telescope only in galactic longitude.
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Figure 3. Map of sensitivities for point-like sources above 100 GeV achieved by MAGIC for sky-scans with a distance of
0.1° (left) and 0.8° (center) between adjacent observation positions. Right plot: Average sensitivity as a function of the
angular distance to the scan direction for the previously considered conditions.

times a given position in the sky is observed during the scan: n = 2R/d with R the radius of the sensitive area
of the camera. Therefore, the absolute average sensitivity of the scan does not depend on d, although smaller
values are preferred given the greater homogeneity of the sensitivity achieved (see figure 3). For instance, for a
scan of a region of D = 30° along the galactic longitude in a total time 7" = 300 hours the absolute sensitivity
averaged in the region [-0.5°,0.5°] is Fnin = 6.3 x 107! cm2s~! (about 10% of the Crab-Nebula flux at that

energy). The average in the region [-1°,1°] grows up to 9.3 x 1071 cm?s~1.

4. Conclusions

The sensitivity of MAGIC for off-axis observations have been assessed by the study of a MC simulated y-ray
sample and a set of Crab Nebula on- and off-axis observations. The results agree within the statistical errors.
We have also computed the MAGIC absolute sensitivity in an eventual sky-scan, obtaining detectable fluxes
down to 10% the Crab-Nebula flux above 100 GeV for a 300 hours scan of a 30° length area.
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