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Abstract:  We have observed crab pulsar in the TeV energy band using dbkenfarhi Array of
Cherenkov Telescopes (PACT) for about 90 hrs. Our obsenstpan about 6 year period from 2000
to 2006. In the past we presented evidence of pulsed emis§i®aV ~-rays from this source while
few other groups did not see any evidence for pulsed emissibthese energies. We have re-analysed
our data using new computer codes and the "Tempo” packagdawesearched for evidence of pulsed
emission ofy-rays from crab pulsar using the contemporaneous radi@ppbrameters. We do not see
any evidence for the pulsed emission at a threshold enel@®o6GeV. We present our results on the light
curve in the TeV energy band and set an upper limit on the twaeaged flux of Te\k-rays.

Introduction to the modelsPolar Cap [12] andOuter Gap [13]
proposed for explaining the possible mechanisn
The Crab pulsar is one of the most extensively pulsed emission at high energies, a sharp cutof
studied object in all bands of electromagnetic spec- the emission spectrum is expected at GeV - T
trum. It was found to radiate at all wavelengths energies. The detection of the cutoff energy is i
from radio to~-rays with a period of 33.34 ms. portant to discriminate between models and unc
It is the only known pulsar which has the same stand the mechanism of high energy particle ac
light curve at all energies. Pulsegiray emis-  eration in pulsars.
sions from Crab pulsar has been detected up to SWe have re-analyzed our data using new anal
GeV by satellite-borne detectors [1]. The steep codes and TEMPO package for estimation of ab
energy spectrum below 0.1 GeV is attributed to |ute phase. Here we present the results of peric

the tail end of the synchrotron radiation from the analysis of data on crab pulsar collected betw:
nebula. Beyond 0.1 GeV, the spectrum hardens 2000 and 2006.

and is dominated by pulsed emission. The phase-

resolved spectrum indicate that the hardest emis-

sion come from the bridge region between the two PACT set up

~-ray peaks [1].

Several groups have searched for the evidence ofOUr observations were carried out using the Pa
pulsed emission from Crab pulsar at TeV energies Marhi Array of Cherenkov Telescopes (PACT) [1
using the ground-based setups. Though, some earlocated at High Energy Gamma Ray Observaic
lier observations showed evidence [2, 3, 4] for tran- Pachmarhi8?25™10°E, 22¢27™40°N and 1075
sient or steady pulsed emissions, the recent obserM a@bove msl) in central India. It was setup to stu
vations [5, 6, 7, 8, 9] did not show any such evi- VHE 7-rays from astronomical sources using t
dence up to 80 TeV [10] but probably, an indication atmospheric Cherenkov technique and the we
for the spectral cutoff below 60 GeV [11]. Thus, front samplmg _method. It consists of a5 array
the details of origin of pulsed emission and the na- ©f 25 non-imaging Cherenkov telescopes deplo;
ture of energy spectrum of-rays from Crab pul- ~ OVer an area of 1OQmBOm. The total reflectol
sar at higher energy end are unknown. According area per telescope is 4.45 mA fast Photo Mul-
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tiplier Tube (PMT) of type EMI 9807B is mounted Year | Time (m) | (# Runs)
at the focus of each reflector behind a mask of di- 2000 | 1308.9 13
ameter of 3 degree to limit the field of view. 2001| 7254 8
The telescopes are independently steerable in both 2003 | 963.3 8
E-W and N-S directions up to ta-40 degree. 2004 | 763.7 ’
They are remotely controlled using an Automated 2005 1366.9 12
computerized telescopes orientation system (AC- 2006 | 234.0 2
TOS) [15]. The position angle of telescopes are Total | 5362.2 50

monitored sequentially through out the observa-
tion, the cycle time is about 5 m. Corrections are
applied in real time if any telescope is found to de-
viate from the desired position by more thah05.

Individual PMT signals are brought to control Analysisof data

room by low attenuation RG213 cables of length

40 m and the information regarding pulse height, The relative time of arrival of Cherenkov photol
relative arrival time of shower front at the tele- is fitted to plane shower front and the direction
scope, real time of the event, the triggered sector arrival of shower is reproduced for each event. 1
& telescopes etc. are recorded using a networkedspace angle) between the direction of arrival o
CAMAC based data acquisition systems. For each shower and the source direction, is obtained
event, real time is recorded with a resolution of each event. For further periodicity analysis, or
1 ps using 5 MHz Crystal oscillator which is syn-  those events for which space angledg°.5 were
chronized with 1Hz GPS pulse. This 1 Hz GPS used. Cuts are applied on the number of te
pulse is also used to reset the ms andcoun- scopes (NDF) with valid ‘timing’ data as well a
ters. Using this array, the arrival time and den- on the goodness of fit parametes®f of the tim-
sity of Cherenkov photons at various telescopes areing fit. A minimum of 8 telescopes are demand
recorded. (NDF>8) in each event and those events witf )

> x? + 1o are rejected.

Table 1: Observation Log of Crab Pulsar

Observations . .
Periodicity analysis

The observations were carried out by pointing all TEMPO codes (developed by Princeton grot
telescopes in the same direction. Data on Crab ere ysed for periodic analysis. In this, first o
pulsar were col!ected at a stretch, lasting for 1 to served arrival timegt.s, ) of recorded events fron
3 hours, first eithelON-source and followed by g jitary puisar were converted to barycentric pc
OFF-source region with equal exposure or vice i (fos). The corrected barycentric tirfre,;)

versa during same night. THBFF-sourceregion  \are folded at pulsar rotational frequency relevi
is chosen to have the same declination as that ofto epoch(Tp) to get phase as

source with an offset in Right Ascension such that
same zenith angle range is covered for bOtkt
source and OFF-source runs. Only one set of ob- .
servations QN-source and OFF-source) were car- oT) = ?(To) + fo(T 1T0) *

ried out on each clear moonless night most of the —f(T—Ty)?> + = f(T —To)® (1)
time. The total duration of Observations and the 2 6
number of nights in which these observations were
made for Crab are given in table 1. The night sky
condition, rates of individual PMT’s, the orienta-

tion of telescopes were monitored through out the ) .
observations. The radio position (J2000) of the Crab pulsar a

the parameters are used for the timing analy
The monthly ephemerids data are extracted fr

where¢(Tp) is the phase at epodhy and is taken
as reference phase.
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Table 2: Details of Phase analysis of Crab pulsar
as a function of space angjeof events

ond pulse, 0.05 - 0.35 for Inter-pulse region a
0.45-0.95 for background.

The number of events with phases within t

Parameters  <2°5 Y <1° P1 and P2 intervals constitute the number
Total Events 289922 8193] ON pulsed events Non). The backgrounc
Duration(min.) 5362.1) 5362.1) events(Vorr) is obtained by number of events i
Main Pulse(P1 28953 8366 the background region and normalized by mu
Inter-region 86649 24504 plying the ratio of phase ranges spanned by
Inter Pulse(P2 28987 8311 pulse and non-pulse regions [5]. The statistical <
Background 145333 40750 nificance(o) of the excess count is calculated L
Non 57940 16677 ing equation

Norr 58133.2 16300.Q

P2/P1 1.00 0.99 5~ _WNon —c*Norr) @
Ratet(rms)  [-0.036+0.053 0.070+0.028 VvV (Non + 2 * Nopr)
Significancef) -0.68 2.48

where c is the normalization constant. The stati
cal significanced) for pulsed emission as functio
of space angle is shown in figure 2. The sign
Jodrell Bank CRABTIME data base Absolute cance tend to increases when near axis events
phase of each event was obtained using TEMPO selected.

codes in prediction mode corresponding to PACT

site using contemporaneous pulsar elements. In o
prediction or ‘tz’ mode, TEMPO calculates pul- :
sar ephemerids over short period of time (typi- 2f g
cally hours) in the form of a simple polynomial s
expansion. Reference phases are calculated over 8 ]
period of £3 hours centered with the transit time 5 .. x

of the pulsar at Pachmarhi observatory in steps oF *x E
of 20 minute. By using these polynomial coeffi- §
cients and reference phaggj, absolute phase of
an event at arrival time T is obtained by interpola- ’ ‘
tion within the 20 m interval.

Crab
T

*e
2
H

2
Space angle (deg )

Figure 2: Significance as function of space anc
Results & Discussions

The distribution of pulsar phases (phasogram)is A X test for the possibility of the pulsar frequen
formed for each observation data with 20 phase Modulation is conducted on the binned data. 1
bins and then added episodically. The phaso- x? of each individual run data at different pha
gram of added data ain-source (Crab) region for (20 bin) are calculated. Thesg are checked for
NDF > 8 and is shown in figure 1 (panel (a) for Main pulse(P1) and inter-pulse(P2) and compz
space angley) < 2°.5 and panel (b) for) < 1°). with the background counts. The per doff at
The details are given in table 4.2. Similar analysis P1 and P2 phases are 1.22 and 1.06 respective
of data were also carried out aff-source (Back- ~ compared to 0.92 at the "background’ phase reg
ground) events. for ¢ < 1.0. Similar test was done for crab bac
Pulsed emission of radiation is expected at phasesground bff-source) data also. We observe that bo

corresponding to First (P1) and Second (P2) pulse d|str|but|_ons res_embl_e u_n_|form d'St.”t?unon with v
. R . . phase bin showing significant deviations.

regions. The phasogram is divided into 4-regions,

following EGRET group [1] as follows: 0.95 -

0.05 for First pulse (P1), 0.35 - 0.45 for the sec-

1. Andrew Lyneet al. at Jodrell Bank Observatory
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Figure 1: Phase histogram for Crab pulsar eventg(&)2°.5 and (b)y < 1°
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