Astron. Astrophys. 364, 165-169 (2000) ASTRONOMY
AND
ASTROPHYSICS

VHE gamma ray observations of Centaurus X-3

P.M. Chadwick, M.K. Daniel, K. Lyons, T.J.L. McComb, J.M. McKenny, S.J. Nolan, K.J. Orford, J.L. Osborne,
S.M. Rayner, and K.E. Turver

Department of Physics, Rochester Building, Science Laboratories, University of Durham, Durham, DH1 3LE, UK

Received 8 May 2000 / Accepted 4 August 2000

Abstract. Further observations, using the University ofelescopes | (Carramana etal. 1989; | Brazier et al. 1990)
Durham Mark 6 imaging telescope, have been made ofthe X-@yd by the Potchefstroom group| (North et al. 1990;
binary Cen X-3, which has been previously reported as a védprth et al. 1991). These early observations, which were
high energy (VHE) gamma ray emitter. The results of thesensiderably less sensitive than observations using imaging
observations are reported and show that VHE gamma rays tlescopes, showed evidence for sporadic outbursts of emission
emitted in all epochs when we have observed this object. lHolsed at the pulsar period in the 1 TeV band. These
modulation of the VHE emission is seen, at either the pulsarabservations hinted at emission at a preferred orbital phase
orbital period. Models of VHE emission from X-ray binariebut were not sensitive to weak unpulsed emission. There
are assessed in the light of these observations. was some evidence that the emission was not from the site
of the neutron star (Bowden etal. 1993). In a recent paper,
Key words: stars: individual: Cen X-3 — gamma rays: observdRaubenheimer & Smit (1997) have reviewed the archival
tions evidence and have concluded that there is evidence for VHE
gamma ray emission from a site in the accretion disk trailing
the neutron star byo0°.
1. Introduction Observations with the Mark 6 imaging telescope have shown

evidence for a weak unpulsed signal from Cen X-3 at ener-

The accreting high-mass X-ray binary (HMXRB) Cen X-3 igjes~. 400 GeV during observations in 1997 March and June
an accurately measured system containing a 4.8s pulsar iitfaqwick et al. 1998). No episodes of pulsed emission were
2.1 d orbit around an O-type supergiant. It has been exteRwn in these VHE signals.

sively sudied since its discovery and is one of the best charac- EGRET observations of Cen X-3 have revealed one episode

terised HMXRBs. The orbit has been well enough determingg sporadic emission in the 30 MeV — 10 GeV region

to lead to mass estimates of both the neutron star and the Co@strand et al. 1997). This emission observed during 1994 Oc-

panion (Hutchings et al. 1979) and its distance is well knowgper as consistent with the gamma rays being pulsed at the
(,Krzemlnslfy 1974 Hutchings et al. 1979). Obseryat{ons Of&ntemporaneous pulsar period as deduced from BATSE X-

cyclotron line have enabled the surface magnetic field t0 pg; measurements. No emission was detected during any other
determined (Santangelo et al. 19898; Burderi et al. 2000). viewing period when EGRET observed Cen X-3.

The temporal behaviour of Cen X-3 is complex. The 4.8S \ye report the results of analysis of VHE data taken during
pulsar and 2.1 d orbital periods are .reasonably_well gnderstogg% March and April and 1999 February. We present the re-
Over the 20 years of X-ray observations, the spin period Show§ & of a search for a possible correlation betweetd) GeV
secular spin up trend on which fluctuations with time scales 0fa,ma rays recorded by the University of Durham Mark 6 tele-
few years and shorter are superimposed (Tsunemi et all 19 @)pe and X-ray emission according to measurements made

The orbital period shows a long-term decay thought to be dii&h, 1he RXTEASM andCGROBATSE experiments. We also
to tidal dissipation|(Nagase et al. 1992). The object has Iogf-

oS : x ¢ - k esent the results of searches for modulation of the emission

term variations in X-ray intensity, exhibiting X-ray high and,; poth the orbital and spin periods.
low states on timescales of 150 d with no evidence for
long term periodicity [(Priedhorsky & Terrell 1983). Recently
evidence has been found for kHz fluctuations in the X-ray inteB- Observations of VHE gamma rays
sity which have been interpreted as evidence for photon bub
oscillations|(Jernigan et al. 2000).

Very high energy (VHE) gamma rays from Cen X-3 wer
first reported by the Durham group using earlier non-imagi

E)Igservations were made with the University of Durham
ark 6 imaging gamma ray telescope operating at Narrabri
NSW, Australia. The telescope is described elsewhere
rbﬁrmstrong etal. 1999). It employs a 109-element imaging
Send offprint requests 1d.J.L. McComb (t.j..mccomb@dur.ac.uk) camera to discriminate gamma rays from hadrons and three
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Table 1. Observing log for observations of Centaurus X-3 made witim each on-off segment pair were consistent atXt3es level.
the University of Durham Mark 6 telescope at Narrabri, NSW, Augn our later observations, the sky clarity was assessed using
tralia. The numbers of ON and OFF source counts are the numbeggfinfra-red radiometer mounted paraxially with the telescope

events surviving after data cleaning (see text). (Buckley et al. 1999).
Events were considered suitable for further analysis
Date No.ofscans ONsource OFFsource  («cleaned”) if they were confined to within 1° of the centre of
ON source counts counts the camera, and that they had sufficient information for reliable
1997 March 1 4 8627 8776 data analysis. For our analysis of the Cen X-3 dataset, a slightly
1997 March 3 7 14955 15077 Jarger size cut than has been employed in our PKS 2155-304
1997 March 4 4 8087 8173 analysis has been used (800 digital counts rather than 500). This
1997 June 1 5 7193 7226 |eflects the noisierimages caused by the bright source field close
1997 June 2 6 10690 10565 .
to Cen X-3 and by the consequent running of the camera at a
1997 June 4 5 5146 5152 .
reduced HT setting. The number of ON and OFF source events
1997 June 5 5 8553 8662 . ) . . .
1997 June 7 5 8520 8613 remaining after this cleaning process is shown in Table 1.
1998 March 27 6 15844 16083 Gamma ray candidates were selected using similar criteria
1998 March 29 7 17266 17423 to those employed in our detection of VHE gamma rays from
1998 March 30 4 10985 11138 PKS 2155-304. Gamma rays are selected through the shape of
1998 April 17 2 5046 5003 theirimages, using the criteria shown in Tdle 2. The parameters
1998 April 19 4 8456 8398 are as defined in Chadwick et al. (1999a). Slight differences in
1998 April 26 2 2891 2923 the values of the parameters used reflect the different zenith
1998 April 27 1 16105 16188  angle distributions and the effects of sky brightness. The final
ggg 22::: ;g :7), Zégi’ ?1(7)22 selection was based on the value of the pointing aAglRHA
N oo h
1999 February 13 5 11547 12015 whedr%atvalue less tha®° was an indication of a gamma ray
1999 February 15 6 11044 11499  Canaidate. ,
1999 February 16 11 25606 26083 Our earlier report[{Chadwick et al. 1998) was based on
1999 February 17 12 24797 24942  data recorded in 1997 March and June (JD 2450508 — JD
1999 February 20 3 6789 6779  2450606) only. Assuming a collection area I¢f cm? and
1999 February 21 5 8463 8183 that our selection procedure retained 50% of the original

gamma ray events, the time averaged flux was estimated to
be (2.0 + 0.3) x 10~ ecm=2s~! for > 400 GeV. Ongoing

42 m? flux collectors on a single mount to obtain an energgimulations suggest that our current selection procedure retains
threshold of about 300 GeV. The telescope was operational fron20% of the gamma rays. On this basis, the flux for the 1997
1995 to 1999. March and June (JD 2450508 — JD 2450 606) data would be
The results of initial observations of Cen X-3 in 1997 havé.0 £ 0.9) x 107" em~?s~'. The additional data taken in
been reported previously (Chadwick et al. 1998). Our complek898 and 1999 provide fewer gamma ray candidates suggesting
Cen X-3 dataset comprises data from 31 hrs of observation (witgaker TeV emission. In total, there were 617 excess events
an equal quantity of off-source observations) during 23 expi@entified as gamma rays detected in 108 360 seconds of ON-
sures in 1997 March and June (JD 2450508 — JD 2 450 608)urce observation. Assuming, as above, a collection area of
1998 March and April (JD 2 450 899 — JD 2 450 932) and 1999” cm? and that the current selection procedure retairzs)%
February (JD 2451220 — JD 24512 30). An observing log ®the original gamma ray events this yields a time averaged flux
given in TabldL. of (2.8 £ 1.44s £ 0.65at) x 107 em™2s~! at an average
Data were routinely taken in 15-minute segments. Offamma ray threshold of 400 GeV, defined as the energy at
source control observations were taken by alternately observiMgich the triggering probability was' 50%. The significance
regions of sky which differ by-15 minutes in RA from the po- ©f the detection based on the total datasétiss.
sition of Cen X-3 to ensure that on- and off-source segments
have identical zenith and az_imuth profiles and cosmic ray ba§<_-.|.he TeV gamma ray signal strength
ground response. The choice of alternate off-source segmernits
which precede and follow the on-source segment allows for a@yr recent work on PKS 2155-304 (Chadwick et al. 1999a)
small residual secular effects. has demonstrated a method of assessing the signal strength of
The data analysis employed follows the methods egamma rays recorded by Cherenkov telescopes. It is suited to
tablished in our previous detections of VHE emissiomeasurements made at different epochs and at different zenith
from of Cen X-3 (Chadwick etal. 1998), PKS 2155-304ngles when the telescope has different sensitivities and con-
(Chadwick et al. 1999a) and the determination of limits fromsequently a varying background cosmic ray detection rate. We
range of extragalactic objects (Chadwick et al. 1999b) and pbhave estimated the strength of TeV gamma ray emission by ex-
sars |(Chadwick et al. 2000). Data were accepted for analygiessing it as a fraction of the cosmic ray background remaining
only if the sky was clear and stable and the gross counting raééter image shape and orientation selection (Fegan|1997). In so
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Table 2. The image parameter selections applied to the analysis of data from the Cen X-3 data.

Parameter Ranges Ranges Ranges Ranges
SIZE(d.c.) 800-1 200 1200-1 500 1500-2 000 2000-10000
DISTANCE 0.35° — 0.85°  0.35° — 0.85° 0.35° —0.85° 0.35° — 0.85°
ECCENTRICITY 0.35-0.85 0.35-0.85 0.35-0.85 0.35-0.85
WIDTH < 0.20° < 0.23° < 0.28° < 0.32°
CONCENTRATION < 0.50 < 1.0 < 0.40 < 1.0

Daist < 0.18° < 0.16° < 0.10° < 0.07°

doing we make allowances for variations in sensitivity, in fir§tux was below the threshold for BATSE detection. The BATSE
order, due to changes in efficiency of the telescope and variaticiasa provide a series of independent X-ray measurements, in-
in telescope performance with zenith angle. It is also assun@dding a measurement on the single day of the TeV gamma ray
that the slopes of the gamma ray and cosmic ray spectra abservations for which there is no correspond®RgTEASM
similar. measurement.

In the present study, the average gamma ray signal strengthThe VHE gamma ray signal plotted on a day by day basis
from Cen X-3, expressed as a percentage of the cosmic imghown in Fig lLb. There is no evidence for outbursts of TeV
background remaining after shape and orientation selectiorg@mma ray emission on a timescale of days and the data are
(7.0+1.5)%. The most straightforward, but not most powerfuonsistent with a constant VHE gamma ray flyX & 22.1, 22
test for constancy of emission is to repeat this process for .
data recorded in each of the 5 dark periods as shown iblFig. 1aln Fig.[2a we show the relation between the count rate of
and then test for consistency between the values obtained usheRXTHASM data and our gamma ray signals. In Eig. 2b we
ax? test. On the basis of this test we find no internal evidensbow a similar plot relating the individual BATSE pulsed X-ray
for monthly variability of the VHE signal; the data treated thifluxes and our gamma ray signals. We have no formal evidence
way are consistent with a constant signal strerigth= 4.5, 4  for a correlation, although it is interesting to note that the day
df). of highest detected gamma ray flux coincides with the day of

most X-ray activity in the dataset (1997 March 4).

4. X-ray and VHE gamma ray correlations

Cen X-3 is a strong but variable X-ray emitter. For exampl®; Modulation
the average daily rates for X-rays detected withRXE EASM

We h hed f lation of th ignal atth
during 1997 and 1998 range from 0 to 32 cownts; the data @ have searched for modulation of the gammavray signal at the

rbital period of the bina tem. The orbital phase of each
are variable on a time scale of days. The daily average for tE]FI pert nary sys rora. pnas

. our observations has been calculated using the ephemeris of
RXTHASM countrates are available for 22 of the 23 days Wh?(élley et al. 198B. The results are shown in Fig. 3. We conclude

VHE gamma ray observations were r_rﬂde .. that there is no significant modulation of the VHE gamma ray
The strength of pulsed X-ray emission was also availab $hission at the orbital period
as a daily average from the BATSE archive for ]@%ring We have also looked for modulation in the VHE data at

the 1998 and some of the 1999 VHE observations, the X'rfﬁ'e pulsar period. The total dataset has been subjected to a

1 Available on the web at Rayleigh test for periodicity at a small range of periods around
http://space.mit.edu/XTE/asmic/srcs/cenx3.html the pulsar period found in the contemporary BATSE data. Phase
2 Original data obtained from the web at coherence between observations was not assumed. No signif-

http://www.batse.msfc.nasa.gov/data/pulsar icant periodicity was detected, leading to @ Gpper limit of
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% 0.0 + l t T I JT The lack of orbital modulation in our VHE data can
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€ Moskalenko and co-workers have developed a model where
£ -0.21
8 the VHE gamma rays are produced close to the neutron
-0.3 ‘ ‘ ‘ ‘ star (Moskalenko et al. 1993; Moskalenko & Karakula 1994).
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A characteristic of such a model is that the VHE emission
will exhibit an orbital modulation due to pair production by

Fig. 3. The measured VHE gamma ray rate during each observatiorfd® gamma rays on the photon field around the companion star.
Cen X-3 plotted as a function of orbital phase. When applied to Cen X-3, this model leads to a prediction of
VHE emission confined to orbital phases between 0.35 and 0.65

. at energies of 400 GeV. Detection of VHE emission at orbital
2.0 x 10712 em~2 57! to the flux pulsed at the pulsar period for : ;
an energy threshold of 400 GeV. phases other than those predicted does not support this model.

. Aharonian & Atoyan (1991, 1996) have discussed a model

W.e h_a\_/e also_ Ioo,ked for quulauon at th? pulsar pgno_d_ Br VHE gamma ray production in X-ray binaries where a beam
eachindividual night's observations by searching for periodici relativistic particles interacts with a moving gas target which

at the contemporary BATSE pulsar period, and so looking f%s been ejected by the companion star. This model was pro-

VHE emission originating from the same site as the X-rays. '\EJOosed to explain the episodic emission of pulsed VHE gamma
such emission was found.

rays seen in earlier observations. Although the model is opti-
mised to produce pulsed gamma rays, the dimensions and den-
6. Discussion sity of the gas target are critical; non-optimal target sizes can

In the 1980'’s there was a large number of reports of VH%au;e the coherence_ to be lost. Thus the Iagk of a pulsed sig-
o L .. .._nal in these observations does not necessarily exclude models
gamma ray emission from X-ray binaries made with f|rs{1

. ) . . of this class. Although the model predicts natural timescales
generation non-imaging telescopes (for a review see e.g. . . . .
i - . . . of '~ 1 h for the interaction of the particle beam with the gas
Chadwick et al. 1990). Initial observations with imaging tele- L .
: . . . cloud, the sensitivity of the present measurements is not enough
scopes, especially in the northern hemisphere, failed to syb-,. . . :
. . . . 10 distinguish such episodes.
stantiate these detections and the evidence for VHE emission ] . . .
An interesting model for production of VHE emis-

from X-ray binaries has been questioned (for a recent review o accreting X-ray binaries is that of Katz & Smith
see Hoffman et al. 1999).

. ‘Katz & Smith 1988; Smith et al. 1992). The model is based on
However, recent observations of a humber of X-ray bl-

I;‘furoton acceleration due to turbulence in the accretion column

naries with the EGRET detector have shown the pOSSIbIvyhich, in turn, produces fluctuations in the strength of the mag-

of high energy emission from these objects. A source con-,. . : . . >
. : I netic field which travels up the accretion column. This results in
sistent with the position of Cyg X-3 has been seen at gog . . ; .
acceleration of protons to high energy via resonant absorption

significance in the EGRET data but does not exhibit the ; .

o . . X 1 the outer regions of the magnetosphere. As well as predict-
characteristic 4.8 hr orbital modulation (Michelson et al. 199% the existence of VHE gamma ravs. this model also predicts
Mori et al. 1997). There is good evidence for emission from C 2 g yS, b

n
X-3 (Vestrand et al. 1997) in the EGRET data. The enigmatic

Orbital phase

hat the protons will emit synchrotron radiation up~tal GeV,
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