Proceedings of ICRC 2001: 2485 Copernicus Gesellschaft 2001 | C R C 2 O O 1

Observations of galactic pulsars and supernova remnants with the
Whipple 10 m Imaging Atmospheric Cherenkov Telescope

T. A. Hall1, S. P. Wakely?, and the VERITAS Collaboration?®

llowa State University, Ames, IA 50011, USA
2Enrico Fermi Institute, University of Chicago, Chicago, IL 60637, USA
3Whipple Observatory, Amado, AZ, 85645, USA

Abstract. Observations of pulsar systems and supernova& Harding, 1992). Pulsed emission is predicted by both the
remnants have been conducted at the Whipple Observatorguter gap (Cheng, Ho, & Ruderman, 1986) and polar cap
using the 10 m imaging atmospheric Cherenkov telescope(Daugherty & Harding, 1982) models.
Since the summer of 1999, a high resolution 490 pixel cam- A fourth pulsar system, the high-mass X-ray binary Cen-
era has been in place yielding a significant increase in detectaurus X-3, has been claimed to be an emitter of \\HEays,
tor sensitivity. We present the results of these observationaind is the only binary so far identified as a source of TeV
and the implications they have on the various theories of veryy-rays (Chadwick et al., 1998). The mechanisms for parti-
high energy emissions. cle acceleration in binary systems are uncertain, but models
explaining and predicting TeV emission exist. For accret-
ing binary systems, these include relativistic particle beams
1 Introduction: interacting with moving gas targets (Aharonian & Atoyan,
1991) and acceleration of protons via resonant absorption in
Pulsar systems and supernova remnants (SNRs) were olfhe outer magnetosphere (Katz & Smith, 1988). This study
served with the Whipple 10 m imaging atmospheric Cheren-includes only rotation-powered binary systems. Shock ac-
kov telescope as part of an ongoing program to search foeeleration models of Harding & Gaisser (1990) predict de-
galactic sources of TeV emission. Selection of the objects intectable levels of TeV emission from such systems. In these
cluded in this study was based on their similarity to detectedmodels, the relativistic wind emanating from the pulsar pro-
sources and on the likelihood of emission given the variousduces a standing shock front where diffuse acceleration by

models of very high energy (VHE) photon production. the first-order Fermi mechanism can take place.
At TeV energies, all four systems were found to be steady
1.1 Pulsar Powered Systems sources of VHEy-ray radiation. Although the central engine

powering these systems is a neutron star, there have been no

There are eight known high-energy pulsars, comprising ongonfirmed detections of periodic emissions from these sys-
of the brightest classes of objects detected at EGRET enefsms.

gies (Hartman et al., 1999). Two of these objects, the Crab

Nebula (Weekes et al., 1989) and PSR B1706-44 (Kifune ey - Shell-type Supernova Remnants

al., 1995), are confirmed emitters of VHErays. A third

EGRET pulsar, Vela (Yoshikoshi et al., 1997), has been deghej|.type SNRs remain a leading candidate for the acceler-
tected at TeV energies, but has yet to be independently veriajion sites of cosmic rays below 10'5 eV. This is largely
fied. All three represent a class of objects known as plerionsge to the success of the diffusive shock acceleration model
Plerions have relativistic particle winds accelerated by thegng the realization that SNRs can satisfy the very large cos-
pulsar, which are confined by the slowly expanding remnantmic ray energy budget. Nevertheless, direct and conclusive

Models of emission from this class of objects predict both eyjgence of particle acceleration in shell-type SNRs has been
steady, unpulsed emission and periodic emission. Unpulsed),sive.

emission is thought to occur by inverse Compton scattering Recent observations have revealed hard synchrotron X-ray
of ambient photons and synchrotron self-Compton scattering5pectra in several SNRs, suggesting the presence of non-
by the relativistic particle wind (Hillas et al., 1998; de Jager thermally accelerated electrons at energies as high 30
Correspondence tdS. P. Wakely TeV. Therefore, there is an expectation of a TeVay flux
(wakely@ulysses.uchicago.edu) due to inverse Compton up-scattering of low-energy, ambient
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photons. with the background estimated from events whose arrival di-
Assuming diffusive shock acceleration occurs in these ob+ection is not consistent with the source position (Catanese
jects, the population of energetic electrons implies the preset al., 1998). Images of extensive air showers initiated by
ence of accelerated hadrons. These particles will generate ligh-energy photons and cosmic rays are made by record-
TeV ~-ray flux as the nuclei interact with the ambient matter ing the Cherenkov radiation emitted as the shower propagates
to producer® secondaries. The observation of a hadronically-through the atmosphere. By making use of distinctive differ-
producedy-ray flux from a SNR would represent a ‘smoking ences in the angular distribution of light and the orientation
gun’ for the SNR theory of cosmic ray origins. of the shower images, it is possible to differentiate-eay
initiated event from a very large hadronic background.
1.2.1 Cassiopeia A

o . 211 Pulsars
Cassiopeia A (Cas A) is the shell-type remnant of a circa

1680 Galactic supernova. It would seem to be an attractivgnclyded in this study are 11 known radio pulsars. All pul-
candidate fory-ray emission; Cas A is the brightest radio g5r systems were treated as point sources, and subjected to
source in the sky, and is relatively nearby, with a distancestandard SuperCuts analysis techniques (see Reynolds et al.
from Earth estimated at 3.4 kpc (Reed et al., 1995). Further(1993) and references therein for a detailed description of
more, Cas A is thought to be just entering its Sedov phasgnis method). No significant excesses of unpulsed, steady
(Gotthelf et al., 2001), Whelj the flux gtfrays is expected to  emjssion were detected from any of these objects, hence up-
peak (Drury, Aharonian, & Ik, 1994). per limits were calculated using the method of Helene (1983).

RXTE observations of Cas A indicate the presence of ac-Taple 1 shows the results of the search for unpulsed emission
celerated electrons up to at least 40 TeV, suggesting an inversgrformed on the pulsar data.

Compton~-ray flux (Allen et al., 1997). Additionally, the

high ambient matter density from the Wolf-Rayet progeni-

tor’s relic solar wind favors a strong hadronically-generatedTable 1. Results of the search for steady, unpulsed emission from
~-ray flux. radio pulsars with the 490 pixel camera.

At TeV energies, upper limits have been given by the Whip-

ple group (Lessard et al., 1999) and the CAT group (Goret et| S°Urce Exposure| Flux Upper Limit' | E,"
al., 1999). However, the HEGRA collaboration has recently (minutes) FE>E) (Tev)
reported a detection after 232 hours of observations on Cas :322 Egégg:gi g‘llg'g z é'?i’ 8'25
A]c (ﬁ\haronti)an ebt 'Tll.,ﬂ2001b). The quxsthey rePSort, at 3;.3% PSR J05384+2817 667:2 < 0:44 0:52
of the Crab Nebula flux above 1 TeW.§ x 10~ v cm™
s~1), is the smallest-ray flux yet observed from a Tey- ,‘322 Eg?igiéj ;333 i 212 822
ray source. Here we report on recent observations of Cas A psr B0820+02 305.1 <150 0.43
using the Whipple 10 m telescope. PSR B1257+12 1052.9 <1.47 0.43
PSR B1534+12 248.8 <143 0.43
PSR B1823-13 961.6 <091 1.00
2 Observations and Analysis: PSR B1951+32 194.4 <1.47 0.52
PSR B1957+20 166.3 <291 0.43

Observations of the pulsar and SNR systems presented here
were made with the 10 m imaging atmospheric Cherenkov'Integral flux upper limits are given at the 99.9% confidence level
telescope at the Whipple Observatory located on Mt. Hop-in units of 10~ 'cm™?s™"

kins in southern Arizona (Cawley et al., 1990). All data were "Peak response energy of the instrument
collected between Fall 1999 and Spring 2001. During this

time, the telescope utilized a camera consisting of an array

of 490 photomultiplier tubes mounted at the focal plane of
the reflector. The instrument and its characteristics are de

scribed by Finley et al. (2001) at this conference.

2.1.2 Supernova Remnants

Table 2 shows the results of the search for steady emission
2.1 Unpulsed Analysis performed on the SNR data. The systems presented include

two plerions (3C58 and G21.5-0.9) and four shell-type su-
The observations reported here were collected in two differ-pernova remnants (remaining objects). No significant excess
ent modes of operation, known as ON/OFF and TRACK-emission was detected from any of these objects, hence upper
ING. In ON/OFF mode, the candidate source position is ob-limits were calculated using the method of Helene (1983).
served for 28 minutes (ON run) followed by a 28 minute ref- Cas A was observed with the Whipple 10 m telescope
erence observation (OFF run) taken at the same azimuth angetween September of 1999 and January of 2000. For the
elevation as the ON run. The OFF region is used to estipresent analysis, 36 TRACKING runs are used, comprising
mate the background counts in the ON region. TRACKING 16 hours of on-source data. Cas A subtends enliyarcmin
data are collected by observing the putative source positionat the camera, and thus has been treated as a point source for
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T T T T T T ] 2.2 Periodic Analysis

| EGRET - Calibration of the timing systems at the Whipple Observa-
: tory was accomplished with optical observations conducted
] in December 1996 using the 10 m reflector (Srinivasan et
""""""" ] al., 1997). The Crab pulsar was observed with an aperture
- on the central phototube, allowing the telescope to operate
as an optical telescope with a photometer at its focus. The
. Whipple ] ] phase analysis of the event arrival times yielded a clear detec-
10731 ® HEGRA " 4 tion of pulsed optical emission from the Crab pulsar, thereby
; IACT System . . ] demonstrating the validity of the timing, data acquisition, and
: : : : : : : analysis software in the presence of a pulsed signal.
8 9 10 " 12 13 14 . .
The arrival times of Cherenkov events were recorded by
Log(E/eV) a GPS clock and a 10 MHz oscillator calibrated by a GPS
second mark to achieve an absolute time resolution of a few

limit is plotted with the EGRET upper limit, and the HEGRA de- é’te srﬁ @g?tgﬁ:é;ﬂi?nwfhri ShPeC ggngc())rrraendetgrthz Sf?:?riesr)i/jés
tection point. The dotted line shows the predicteday flux from Standi yh 1982 Tgh h f ﬁ yep lculated
7% decay using the model of Aharonian et al. (2001). The solid( tandish, )- e phase of each event was calculate

and dashed lines represent the simulated bremsstrahlung and inverd§ing @n ephemeris relevant to the source and epoch under
Compton flux for different parameters from the model in Atoyan et Study. To test for the presence of a periodic signéland
al. (2000). Adapted from Aharonian et al. (2001). Z?2 tests were performed. In order to calculate an upper limit
for pulsed emission, one of two methods was employed. The
first method assumes similar phase alignment with emission
this analysis. Therefore, standard analysis techniques angt EGRET energies. Upper limits were calculated using the
cuts (i.e., SuperCuts 2000) have been employed. method of Helene (1983). However, only PSR B1951+32
We have analyzed the data assuming a differential energyramanamurthy et al., 1995) and PSR B0656+14 (Ramana-
spectrum with index -2.5, as reported by HEGRA (Aharonianmurthy et al., 1996) are detected at EGRET energies. Since
etal., 2001) No significant emission was detected, thereforq:—lo detections at h|gh energies have been made of any of the
we set a 99.9% confidence upper limit for emission aboveremaining pulsars, a second method utilizing #jestatistic,
520 GeV of which assumes a sinusoidal pulse profile, was used to calcu-
late the flux upper limit of pulsed photons. Table 3 shows the
results of the periodic analysis performed on the pulsar data.

o
|
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Fig. 1. Flux versus energy plot for Cas A. The Whipple flux upper

J(E >520GeV) < 6.8 x 10712 yem 257!,

Figure 1 shows the Whipple upper limit plotted against the
modgl ;pectra from Atoyan et al. (2000). The EC_;RI,ET UP-Taple 3. Search for pulsed emission from isolated pulsars with the
per limit and HEGRA flux measurement are also indicated. 490 pixel camera.

While the current result does not yet constrain these models,

additional data may help restrict model parameters and post Source Period | Exposure| Flux Upper Limit*
sibly differentiate between hadronic and leptonic emission (ms) | (minutes) FE>E)
from Cas A. PSR B0114+58 101.4 445.0 < 1.28
PSR B0355+54 | 156.4| 518.4 < 1.02
. PSR J0538+2817 143.2 667.2 < 0.95
Tabl_e 2 Results of the search for steady, unpuls_ed emission ffom PSR B0656+14 | 384.9 7924 <0238
plerionic and shell-type supernova remnants with the 490 pixel PSR B1823-13 101.5 961.6 <1.22
camera. PSRB1951+32 | 39.5| 445.0 < 0.49
Source Exposure| Flux Upper Limit* E,° " L . )
(minutes) FE> E,) (TeV) _ Integral flux ﬂppeizlm_"lts are given at the 99.9% confidence level
3C58 2457 <131 0.50 in units of 10" cm™"s
G21.5-0.9 138.7 <2.90 1.25
CTA 1 320.5 <1.25 0.62
G156.2+5.7 221.8 <0.99 0.43
SN386 300.2 <0.20 3.30 3 Discussion
Cas A 974.8 <0.68 0.52
“Integral flux upper limits are given at the 99.9% confidence level 1 N€ data tabulated above summarize the upper limits for un-
in units of 10 *1cm—2s~ 1 pulsed and pulsed emission from the systems under study.
bPeak response energy of the instrument No emission, either pulsed or unpulsed, has been detected at

a significant level from the pulsar or SNR systems observed
in this program.
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Upper limits obtained from our analysis of the radio bi- Catanese, M., etal., ApJ, 501, 616, 1998.
nary systems PSR B1257+12 and PSR B1534+12 are ndtawley, M.F., etal., Exper. Astr,, 1, 173, 1990.
sufficient to constrain the predictions made by Harding & Chadwick, P.,etal., ApJ, 503, 391, 1998.
de Jager (1998) (see Table 1). Cheng, K.S., Ho, C., and Ruderman, M.A., ApJ, 300, 500, 1986.

For suitable parameter domains of the isolated pulsars, th@augherty, J.K., and Harding, A.K., ApJ, 252, 337, 1982.
.de Jager, O.C., and Harding, A. K., ApJ, 396, 161, 1992.

pulsed flux upper limits presented here cannot constrain e|brury’ L.O'C.. Aharonian, FA., GIk. H.J.. AGA. 287, 950, 1994.
ther the polar cap model or the outer gap model. The uppeg; .
limit of d h limit th L inley, J.P., et al., these proceedings, 2001.
imit of PSR B1951+32 does, however, limit the emission ré- et p_ et al., Proc. 26th ICRC (Salt Lake), 0G2.2.18, 1999.
gion of any TeV photons to be far out in the magnetospheregqhelit, E.V, et al., ApJ Lett., 552, L39, 2001.
(Zhang & Che_n_g,_ 1997)_- _ ~Harding, AK., and Gaisser, T., ApJ, 358, 561, 1990.

As the sensitivity of single-dish Cherenkov telescopes im-Harding, A.K., and de Jager, O.C., Towards a Major Atmospheric
proves and with the construction of new arrays of ground- Cherenkov Detector V(Proceedings of the Kruger Park TeV
based Cherenkov telescopes, further observations of pulsar Workshop), ed. O.C. de Jager, 74, 1998.

and SNR systems should yield definitive data to address proHartman, R.C., etal., ApJS, 123, 79, 1999.

Hillas, A.M., et al., ApJ, 503, 744, 1998.
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