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Abstract

If cosmic rays with energies<100 TeV originate in the galaxy and are accelerated in shock waves in shell-type
supernova remnants (SNRs), gamma-rays will be produced as the result of proton and electron interactions
with the local interstellar medium, and by inverse Compton emission from electrons scattering soft photon
fields. We report on observations of two supernova remnants with the Whipple Observatory’s 10m gamma-ray
telescope. No significant detections have been made and upper limits on the>500 GeV flux are reported.
Non-thermal X-ray emission detected from one of these remnants (Cassiopeia A) has been interpreted as
synchrotron emission from electrons in the ambient magnetic fields. Gamma-ray emission detected from the
Monoceros/Rosette Nebula region has been interpreted as evidence of cosmic-ray acceleration. We interpret
our results in the context of these observations.

1 Introduction:
1.1 Hadronic Gamma-Ray Production: If SNRs are sites for cosmic-ray production, there will be
interactions between the accelerated particles and the local swept-up interstellar matter. Drury, Aharonian and
Volk (DAV) (1994) and Naito and Takahara (1994) have calculated the expected gamma-ray flux from sec-
ondary pion production using the model of diffusive shock acceleration. Recent observations above 100 MeV
by the EGRET instrument on theCompton Gamma-Ray Observatoryhave found gamma-ray signals asso-
ciated with at least three SNRs: IC 443 and gamma-Cygni (Esposito et al. 1996) and the Monoceros SNR -
Rosette Nebula region (Jaffe et al. 1998). These results have been interpreted as evidence for cosmic ray accel-
eration using the model of DAV. A search for TeV emission fromIC 433 and gamma-Cygni has already been
reported by the Whipple Collaboration (Buckley et al. 1998). Here we present observations of the Monoceros
SNR - Rosette Nebula region.

1.2 Leptonic Gamma-Ray Production: Gamma rays will also be produced as the result of electron
bremsstrahlung and by inverse Compton emission from electrons scattering soft photon fields. Non-thermal
X-ray emission, observed from several SNRs including SN 1006 (Koyama et al. 1995), and Cassiopeia A
(Allen et al. 1997), has been interpreted as synchrotron radiation of high energy electrons in the ambient
magnetic fields. The recent detection of SN 1006 at TeV energies by CANGAROO (Tanimori et al. 1998)
has been interpreted as inverse Compton emission from theseelectrons scattering microwave background
photons as predicted by Pohl (1996), and Mastichiadis and deJager (1996). Here we report on observations
of Cassiopeia A.
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2 Observations and Analysis Techniques:
The observations reported here were taken with the Whipple Observatory’s high energy gamma-ray tele-

scope situated on Mount Hopkins in southern Arizona (Cawleyet al. 1990). A camera, consisting of photo-
multiplier tubes (PMTs) mounted in the focal plane of the reflector, detects the Cherenkov radiation produced
by gamma-ray and cosmic-ray air showers from which an image of the Cherenkov light can be reconstructed.
For the observations reported here, the camera consisted of331 PMTs (each viewing a circular field of 0.◦25
radius) with a total field of view of4.8◦ in diameter.

We characterize each Cherenkov image using a moment analysis (Reynolds et al. 1993). The roughly
elliptical shape of the image is described by thelengthandwidth parameters and its location, orientation and
skewness within the field of view are given by thedistance, α andasymmetryparameters, respectively. We
also determine the two highest signals recorded by the PMTs (max1, max2) and the amount of light in the
image (size). Gamma-ray events give rise to more compact shower images than background hadronic showers
and are preferentially oriented and skewed towards the putative source position in the image plane. By making
use of these differences, a gamma-ray signal can be extracted from the large background of hadronic showers.

2.1 Centered Point Source Observations: The traditional mode of observing potential point sources
with the Whipple Observatory gamma-ray telescope is track the putative source position continuously for 28
minutes. The standard gamma-ray selection method utilizedby the Whipple Collaboration is the Supercuts98.
These criteria were optimized on contemporaneous Crab Nebula data to give the best sensitivity to point
sources. A combination of Monte Carlo simulations and results on the Crab Nebula indicate that this analysis
results in an energy threshold of∼ 500 GeV and an effective collection area of3.0 × 10

8
cm

2. A detailed
description of the methods used to estimate the energy threshold and collection area are given elsewhere
(Mohanty et al. 1998).

To estimate the expected background, we use those events which pass all of the Supercuts98 criteria except
orientation (characterized by theα parameter). We use events withα between20◦ and65◦ as the background
region. A detailed description of this method can be found elsewhere (Catanese et al. 1998).

2.2 Extended or Offset Source Observations: When the position of the putative source is not at
the center of the field of view, or is not precisely known (e.g., EGRET error circles or sources of extended
emission) a different strategy must be employed. A detaileddescription of the technique utilized can be found
elsewhere (Lessard et al. 1997).

Briefly, the method uses additional features of the images ofgamma-ray induced showers to provide a
unique arrival direction on an event by event basis. First, events are selected as gamma-ray like based on
their compactness. The determination of the arrival direction of the candidate gamma-ray events is then
accomplished by making use of the orientation, elongation and asymmetry of the image. Monte Carlo studies
have shown that gamma-ray images are a) aligned towards their source position on the sky b) elongated in
proportion to their impact parameter on the ground and c) have a cometary shape with their light distribution
skewed towards their point of origin in the image plane. Results on the Crab Nebula indicate that the angular
resolution function for the telescope using this techniqueis a Gaussian with a standard deviation of0.12◦

(Lessard et al. 1997). The efficacy of the method is demonstrated by observations in which the center of the
field of view is offset from the Crab Nebula position. A combination of Monte Carlo simulations and results
on the Crab Nebula indicate that this analysis results in an energy threshold of∼ 500 GeV and an effective
collection area of3.0× 10

8
cm

2 for a source at the center of the field of view and is reduced foroffset sources.
The analysis of data from a point source, offset from the center of the field of view, involves counting

the number of events whose arrival directions fall within a circular aperture centered on the putative source
location. The radius of the circular aperture has been determined by optimization of data taken on the Crab
Nebula and is found to be0.32◦. The analysis of data from an extended region involves counting the number
of events whose arrival directions fall within a circular aperture which encompasses the emission region plus
twice the width of the angular resolution function to account for smearing of the image.



Table 1: Flux upper limits for the SNR Cassiopeia A and the Monoceros SNR - Rosette Nebula region. The
result for Cassiopeia A was obtained by utilizing the methoddescribed in section 2.1, while the results for the
Monoceros SNR - Rosette Nebula region were obtained utilizing the analysis method described in section 2.2.

Source α, δ aperture F(E> 500 GeV)
Name (J2000) (degrees)×10

−11
cm

2
s
−1

CAS-A 23:23:23,58:48:11 - <0.66
Monoceros SNR 06:35:00,05:21:00 1.00 <4.80

- Rosette J0635+0533 0.32 <1.41

In both cases the background is obtained from an equal amountof time tracking a position offset by 30
minutes in right ascension but with the same declination as the on source observation.

3 Results:
4.1 Monoceros SNR - Rosette Nebula Re-
gion: The Monoceros SNR - Rosette Nebula
region was observed for a total of 13.1 hours
during the period November 1998 to February
1999. The contours depicted in Figure 2 show
the statistical significance of the excess events
recorded within the camera’s sensitive field of
view. The large thick circle depicts the posi-
tion and extent of the Monoceros SNR while the
smaller thick circle depicts the position and ex-
tent of the Rosette Nebula (a star forming re-
gion). The large thin circle depicts the EGRET
95% confidence error circle and the small cir-
cle depicts the position of a hard spectrum X-ray
point source, J0635+0533, recently detected by
the Italian-Dutch satellite BeppoSAX (Kaaret et
al. 1999). No significant excess is detected. In
the absence of a detection we have calculated flux
upper limits based on two assumptions. First,
that the emission detected by EGRET arises from
the X-ray point source J0635+0533. In this case
we have calculated a flux upper limit using the
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Figure 1: TeV gamma-ray observations of the Monoceros SNR /
Rosette Nebula region. Contours of statistical significance of excess
events between on source observations and corresponding off source ob-
servations. The contours increment by one.

offset point source technique given above. Second, that theemission detected by EGRET is due to cosmic
rays accelerated by the shock of the Monoceros SNR. In this case we have calculated a flux upper limit for
uniform emission from the region contained within the EGRET95% error circle. These limits are given in
Table 1.

4.2 Cassiopeia A: The SNR, Cassiopeia A, was observed for a total of 6.9 hours during the period of
November 1998 to January 1999. This young remnant subtends an angle of about0.08◦ which is smaller than
the angular resolution of the photon arrival direction reconstruction. Hence, we have applied the centered
point source method as given discussed above. No emission isdetected and the 99.9% confidence level upper
limit is given in Table 1.



4 Discussion:
4.1 The Monoceros SNR - Rosette Nebula
Region: The Whipple upper limits and EGRET
data (Jaffe et al. 1998) for the Monoceros SNR
- Rosette Nebula region are shown in Figure 3.
Under the assumption that the emission detected
by EGRET is due to cosmic-ray interactions we
normalize the model of DAV to the EGRET>
100 MeV flux. The shaded area depicts a range of
the spectral index of the proton population used
in the model (2.1 - 2.3). As shown, the upper
limits reported here require the source spectrum
to be steeper thanE−2.2 or require a spectral
break. Another possible explanation for the re-
sults is that the EGRET flux is produced not by
cosmic-ray interactions but rather by the X-ray
point source J0635+0533 which has been associ-
ated with a Be binary system (Kaaret 1999). In
this case, the upper limit reported here lies two
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Figure 2: Whipple upper limits for the Monoceros SNR - Rosette Neb-
ula region shown along with the EGRET integral flux (Jaffe et al. 1998).

orders of magnitude below the extrapolated EGRET power-lawspectrum and thus requires a spectral break
between 10 GeV and 500 GeV.

4.2 Cassiopeia A: Non-thermal X-ray emission has recently been observed in the SNR Cassiopeia A. This
result has been interpreted as synchrotron radiation by electrons accelerated by the SNR shock wave to energies
of 40 TeV (Allen et al. 1997). These accelerated electrons will also produce TeV gamma-rays through inverse
Compton scattering of soft photons fields. The results reported here should help to constrain the modeling of
this object.
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