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184 184 CHAPTERCHAPTER 6. THE HIGH-ENERGY j-RAY SOURCE 2CG 135+01 

6.11 Introduction* 
Withh a flux above 100 MeV of 1.0 x 10"6 photons cm- 2 s- 1, the 7-ray source 2CG 135+01 is 

onee of the brightest unidentified high-energy Galactic-plane sources in the second COS-B catalogue 
(Hermsenn et al. 1977; Swanenburg et al. 1981). 2CG 135+01 attracted attention when its position 
wass found to be consistent with that of the radio source GT 0236+610, which exhibits strong radio 
outburstss of a non-thermal character {Gregory h Taylor 1978). Long-term radio observations of GT 
0236+6100 subsequently revealed a 26.496-day periodicity in these outbursts (Taylor & Gregory 1982, 
1984),, of which the amplitude is possibly modulated by a 4-year period (Gregory et al. 1989; Paredes 
ett al. 1990). The decay of the radio flux during outbursts is reminiscent of synchrotron emission 
fromm an expanding cloud of relativistic electrons (Taylor & Gregory 1984). In a high-resolution map 
obtainedd two days post-outburst from VLB1 measurements at 6 cm, the object appears to consist of two 
componentss separated by 3.1 x 1013(£>/2.3 kpc) cm (Massi et al. 1993). Optically, GT 0236+610 has 
beenn identified with LS I +61°303, which has a spectrum typical of an early-type B star (Hutchings & 
Cramptonn 1981; Maraschi et al. 1981; Paredes & Figueras 1986) and exhibits the near-infrared excess 
commonlyy observed for Be-type stars (D'Amico et al. 1987; Hunt et al. 1994). Recent modelling of 
thee JHK-band light curves of LS I +61°303 has shown that the onsets of the radio outbursts roughly 
coincidee with the inferred periastron passage (Marti & Paredes 1995). The source has also been 
detectedd in X-rays (Bignami et al. 1981; Goldoni & Mereghetti 1995). The X-ray spectrum is rather 
hardd compared to those of normal B stars, but is similar to spectra observed for Be/X-ray binaries. 

Inn recent observations made with EGRET on board CGRO, a source designated 2EG J0241+6119 
wass detected on several occasions (Thompson et al. 1995). This source, whose position is consistent 
withh that of 2CG 135+01 and which is roughly as bright, is generally assumed to be the COS-B source. 
Thee improved position of the 7-ray source established by the EGRET detection of 2EG J0241+6119 
(aa 95% error radius of33') is consistent with that of GT 0236+610 (located at (/,&) = (135.68°, 1.09°)) 
andd has strengthened the proposed identification with the radio source. In addition, the nearby QSO 
4UU 0241+61 (located at (/,&) = (135.64°, 2.43°)), which was also contained in the relatively large 
COS-BB error region, is now firmly rejected (von Montigny et al. 1993). 

AA detection of the 26.496 day periodicity in 7-rays would remove any remaining doubt about 
thee identification with GT 0236+610, but neither COS-B nor EGRET has yet detected such flux 
variations.. Note thai, the 26.496-day periodicity inferred from radio observations of GT 0236+610 
hass possibly been detected at infrared and optical wavelengths as well (Mendelson & Mazeh 1989; 
Paredess et al. 1994), with smaller flux variations towards shorter wavelengths. At UV wavelengths 
andd in X-rays, where the positional accuracy is good enough to allow a confident identification with 
GTT 0236+610, orbital-phase related flux variations have not been detected up to recently (Bignami 
ett al. 1981; Howarth 1983; Goldoni & Mereghetti 1995). The factor **  10 increase of the X-ray flux in 
thee light curve measured with ROSAT during the monitoring of one orbital cycle (Taylor et al. 1996) 
mayy be the first evidence of orbital-modulated X-ray emission. 

Despitee the firm detections of GT 0236+610 up to X-rays and of 2CG 135+01 above 100 MeV, the 
situationn around 1 MeV is less clear. When we compare the spectral index measured for GT 0236+610 
withh ROSAT (Q « 1.1: Goldoni k Mereghetti 1995) with that measured for 2EG J0241+6119 with 
EGRETT [a a; 2.21: Fierro 1995), it is evident that a spectral break must occur in between. This 
naturallyy also holds if the two sources are not related. A simple extrapolation of the measured power 
lawss to the MeV energy range predicts fluxes in the range of 10- 5 — 10- 4 photons cm" s"1 MeV-1, 
whichh is close to the detection threshold of COMPTEL. However, from measurements with the Impe-
riall  College Scintillation Telescope (ST) on board Ariel 5 (Coe et al. 1978) and with the balloon-

**  This chapter has been accepted, in a slightly different form, by Astronomy and Astrophysics for 
publicationn in the Main Journal. 
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Obs s 

15 5 
31 1 
34 4 
211 1 

319.0 0 
319.5 5 
325 5 

Time e 

1991,, Nov. 28-Dec. 12 
1992,, Jun. 11-Jun. 25 
1992,, Jul. 16-Aug. 06 
1993,, Feb. 25-Mar. 09 
1994,, Mar. 01-Mar. 08 
1994,, Mar. 15-Mar. 22 
1994,, Apr. 26-May 10 

Phase e 

0.096-0.631 1 
0.499-0.023 3 
0.820-0.610 0 
0.272-0.725 5 
0.197-0.464 4 
0.727-0.990 0 
0.311-0.840 0 

Z[°] Z[°] 

22.2 2 
29.3 3 
27.2 2 
11.4 4 
28.1 1 
27.0 0 
15.2 2 

TableTable 6.1. This table gives a list of the CGRO observation periods (see also Appendix A) during 
whichwhich 2CG 135+01 was within 30° of the pointing direction. The 4 columns give: 1) the observation 
numbernumber in CGRO notation; 2) the start and end date of the observation; 3) the corresponding radio 
phasephase interval; 4) the angular distance of 2CG 135+01 to the pointing direction. 

bornee instrument MISO (Perotti et al. 1980) a source with a 1 MeV flux as high as ~ 10~3 -
10- 22 photons cm- 2 s^1 MeV-1 was claimed. A preliminary analysis of COMPTEL observations of 
thee 2CG 135+01 field, based on three observations made between November 1991 and August 1992, 
didd not reveal evidence for such a strong source but showed the presence of a weak excess consistent 
withh the position of 2CG 135+01 (van Dijk et al. 1994).' 

Heree we present a detailed analysis of the COMPTEL data gathered between November 1991 and 
Mayy 1994. We detect a source at energies above 1 MeV, both the position and fluxes of which 
aree consistent with those of 2CG 135+01 (Sections 6.3.1 and 6.3.2). The results of a search in 
thee COMPTEL data for the 26.496 day binary period of GT 0236+610 are given in Section 6.3.3. 
Sectionn 6.3.4 addresses the possible influence of the Galactic diffuse emission on the fluxes assigned to 
thee COMPTEL source. Finally, the results are discussed in Section 6.4. 

6.22 Observations and analysis 
Tablee 6.1 gives a log of the observations which were used for the analysis presented here. Unfor-

tunately,, during most of these observations, the angular distance between the source and the pointing 
directionn was not favourable. 

Thee COMPTEL data were analysed in the standard energy ranges 0.75-1, 1-3, 3-10 and 10-30 
MeVV (Section 2.4.1), as well as in a combined 1-30 MeV energy range. Significance and flux maps 
weree produced using the maximum-likelihood ratio (MLR) method (Section 2.4.8). The instrumen-
tall  background model is that of Section 3.4.3 (the improved version described in Section 3.4.4 was 
developedd at a later stage). 

Thee effective exposure function for the observations listed in Table 6.1 covers a large part of the 
skyy and extends beyond I = 200°. We therefore must take into account the non-negligible influence of 
thee events originating from the Crab (~ 2.5xl04i n the 1-30 MeV range compared to ~ 7xl03for2CG 
135+01)) on the background model by including a data-space model for the Crab (see Section .2.4.5). 
Forr this set of observations, the situation is particularly confusing because the signals of the Crab and 
off  a source at the position of 2CG 135+01/2EG J0241+6119 are at a maximum in the same region of 
thee data space (the region where the geometry function peaks, see Fig. 6.1). When models for both 
thee Crab and for 2CG 135+01/2EG J0241+6119 are included simultaneously, this sometimes causes 
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FigureFigure 6.1. This figure shows the (x,ip)-distribution of events in a data space containing simulated 
pointpoint sources at the position of the Crab and at the refined location of2CG 135+01/2EG .10241+6119, 
subjectsubject to a selection on the derived scatter angle (p) of [26°, 28°]. In this representation, point sources 
showshow up as ring-shaped distributions centered on the source positions with a radius of tp°. 

thee Crab flux to be underestimated and the 2CG 135+01/2EG J0241+6119 flux to be overestimated 
inn the first iteration of the background modelling (Section 3.4.3). In general, ~ 4 iterations are needed 
too correct for this effect. 

6.33 Results 

6.3.11 Spatial analys is 

Whenn all the observations in Table 6.1 are summed, an excess consistent with the position of 2CG 
135+011 is found at energies above 1 McV. Below 1 MeV an upper limi t is obtained. Fig. 6.2 shows 
thee location contours for the 1-30 MeV energy range; the maximum of the excess has an ML R value 
off  50.9. This corresponds to a point-source detection significance of 6.6(7 for 3 d.o.f. (neglecting the 
possiblee presence of underlying Galactic diffuse emission), while at the position of 2CG 135+01 it is 
6.7(77 (1 d.o.f.). In the standard energy ranges 1-3 MeV, 3-10 MeV and 10-30 MeV, the peak values 
aree 24.4, 18.8 and 10.3 respectively. In the individual observation periods the signal is either weak or 
nott detected at all. 

Inn Fig. 6.3a, the significance maps for the standard energy ranges above 1 MeV are shown. In 
eachh of these maps, an excess consistent with the position of 2CG 135+01 can be observed. The 
significancee in the highest energy range is marginal (2.6(7), while below 3 MeV the excess is broader 
thann expected for a single point source. When a data-space model for a source at the position of 2CG 
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FigureFigure 6.2. This figure shows the location contours (la, 2a, 3a) for the 1-30 MeV excess for the sum 

ofof the observations listed in Table 6.1. The positions of GT 0236+610 and the QSO 4U 0241+61 are 

denoteddenoted with ' * ' and '+'  respectively. 

135+01/2EGG J0241+6119 is included, we obtain the residual maps as shown in Fig. 6.3b. None of the 
remainingg excesses by itself is formally significant at the > 3<r level for a free search, but the number of 
2(77 - 3<7 excesses yield it unlikely that all are just statistical fluctuations (see Section 6.3.1.1). One of 
thee possible celestial contributions, that of the Galactic diffuse emission, is discussed in Section 6.3.4. 
Firstt we wil l investigate the possibility that the residual emission seen in Fig. 6.3b can be interpreted 
ass a number of discrete point sources. 

6.3 .1 .11 T h e residual emis s ion : s tat i s t ica l f luctuat ions? 

Too investigate the significance of the residual emission seen in Fig. 6.3b, we added point sources, 
onee by one, to the model fitting at the positions of localized excesses until the subsequent search did 
nott reveal any residual significant emission at more than the 2a level. 

Firstly,, we added a data-space model for a source at (l,b) = (134.6°,+7.0°) = P i. Although 
theree is not a clear excess at this position in the sum of the observations, this model accounts for a 
strongg excess (~ 3.9a) observed in the 1-3 MeV range in Obs. 325. Located only 6° away from 2CG 
135+01/2EGG J0241+6119, but not consistent with the position of the latter at the > Za level, this 
apparentt source has a non-negligible influence on the flux derived for 2CG 135+01 and thus has to 
bee accounted for. It is not seen in any other energy range nor in any other C O M P T EL observation. 
Afterr a correction for the minimum number of trials is made (4 energy intervals, 7 observations), its 
significancee in Obs. 325 is only slightly larger than 3a, which does not confidently exclude a statistical 
backgroundd fluctuation as origin. We note that excess Pi is close to (but not fully consistent with) the 
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1-33 MeV 3 - 1 0 MeV 10 -30 MeV 

FigureFigure 6.3. Tim figure shows the MLR maps for the region around 2CG 135+01, centered on (l,b) = 
(135.5°,, 1.5°) with a radius of 20° (longitude I increasing towards the left). The horizontal and vertical 
lineslines are drawn at b = 0° and I - 135° respectively and the position of2CG 135+01/2EG J0241+6119 
isis denoted by the ' x ' symbols. Contour levels are spaced as 4, 9, 16 and 25. a) including a model for 
thethe Crab; b) including models for both the Crab and for 2CG 135+01/2EG J0241+6119. 

positionn of the flaring low-energy 7-ray source located at (/,&) « (137.0°, 9.5°) which was discovered 
withh the balloon-borne DGT telescope during a search for transient events (Bhat tacharya & Owens 
1994).. This event was detected up to 2 MeV and exhibited an increase in flux in the 160-200 kcV 
bandd by a factor of 3 within just 1.5 hours. An analysis of the Pi excess in 4 time intervals of ~ 3 days 
duringg Obs. 325 did not yield evidence for significant t ime variations on time scales of several days. 
Adoptingg smaller t ime intervals is not useful due to the limited statistics of the COMPTEL data. 

Secondly,, we analysed the rest of the excesses visible in Fig. 6.3. In the 1-3 MeV range, there 
iss an extended feature around / « 127.5°. Model fitting, also including a model for P i, shows that 
thiss excess is consistent with a single point source at (l,b) — (126.0°,0.0°) = P2 of significance 
2.8(TT (3 d.o.f., not taking into account the number of tr ials). Both the 1-3 MeV and 3-10 MeV 
rangess also show an excess around / sa 147°. These features are consistent with a point source at 
(l,b)(l,b) = (147.0°, -1 .5°) = P3, with significances of 2.8a and 1.5CT (3 d.o.f.) in the 3-10 MeV and 1-3 
MeVV energy ranges respectively. Finally, when we include a model for this excess, the 1-3 MeV range 
stilll  shows a 2.6a excess at (/,&) = (143.5°, 7.5°) = P4. 

Al ll  these additional excesses are of marginal significance. Because we have neglected the possible 
presencee of Galactic diffuse emission (see Section 6.3.4), the significances may even be smaller. What-
everr their origin, the number of 2.5er ~ 3.0<r excesses remaining after subtraction of 2CG 135+01 
suggestss that these are not all statistical fluctuations, and that a certain celestial contribution is 
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Index x 

1.4 4 

2.0 0 

2.8 8 

RRAA (1-3/3-10) 

2.33  0.8 
1.44 4 

2.22 8 
2.86 6 

2.11 8 
7.03 3 

RRBB (3-10/10-30) 

4.11 6 
1.74 4 

4.11 6 
3.50 0 

4.22 6 
8.98 8 

ReRe (1-3/10-30) 

9.44 8 
2.51 1 

9.11 8 
10.00 0 

8.77 8 
63.10 0 

TableTable 6.2. This table gives the measured (first line of each entry) and expected (second line of each 
entry)entry) hardness ratios for power-law input spectra with different spectral indices. These hardness 
ratiosratios are defined as the ratio of the fluxes in the specified energy ranges (units [photons cm~2 s'1]). 

presentt and should be taken into account. 
Exceptt for Pu however, the excesses have a negligible impact on our analysis of a source at the 

positionn of 2CG G J0241+6119. Nevertheless, it is interesting to note that some of these 
excessess may be related to known X-ray sources with characteristics similar to GT . The 
excesss P2 is consistent with the positions of two high-mass X-ray binaries (HMXBs) 2S0114+65 ( = 
V6622 Cas) and 4U X0115+63 (= V635 Cas), both of which contain a Be star companion (van Paradijs 
1995).. The latter is a well-known hard X-ray transient with a pulsation period of 3.61 seconds, a binary 
periodd of 24.3 days and an eccentricity of 0.34. It has recently been detected with BATSE up to at 
leastt 70 keV (Scott et al. 1994) and is also a possible TeV source (Chadwick et al. 1985). The excess P3 

iss consistent with the position of , which is also a Be-star HMXB with very similar system 
parameters.. Firm identifications of these excesses are, however, only possible through orbital-phase 
orr pulse-phase correlation studies, which are beyond the scope of this paper. 

6.3.22 Spec t ral ana lys is 
Thee analysis in the previous section was performed with PSFs for an assumed E~a power-law 

photonn spectrum with a = 2. Since the fluxes and likelihoods depend only slightly on the assumed 
inputt spectrum, this was not a bad approximation. In order to find the power-law index that fits the 
dataa best, the MLR analysis has been repeated using PSFs with various values for a until the ratios 
off  the fluxes measured in different energy ranges are consistent with the assumed input spectrum. 

Suchh flux ratios were calculated using PSFs with indices ranging from 1.4 to 2.8. In the model 
fittingg we included a data-space model for the Crab in each energy range, while for the 1-3 MeV range 
wee also included a model for the nearby excess PI to correct for its influence on the flux derived for 
thee COMPTEL source. In Table 6.2 we show the results for the extreme values of index a as well as 
forr a = 2. Also listed are the expected ratios for power-law spectra with these indices. 

Althoughh the measured ratios are not very sensitive to the assumed input spectrum, the expected 
ratioss differ considerably. The indices that fit  the COMPTEL data best are a0 = 1-8-CM a nd °o " 
2.15^044 f o r t n e RA a nd RB hardness ratios respectively. They are consistent with a single power law 
FF - I(Ejl MeV)- 00 across the entire COMPTEL energy range with Q0 = l ^ö toJ and amplitude / -
1.755 x 10~4 photons cm- 2 s"1 MeV- 1. Adopting this spectral index, the time-averaged COMPTEL 
fluxesfluxes and upper limits are given in the second column of Table 6.3. The upper limit in the 0.75-1 
MeVV range is inconsistent with the power law at the 2.Aa level, which suggests that there is a spectral 
breakk in the COMPTEL energy domain. The COMPTEL fluxes are shown in Fig. 6.5, together with 
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EE [MeV] 

0.75-1 1 
1-3 3 

3-10 0 
10-30 0 

Fluxx [photons cm 2 s 1] 

noo diff. models 

<< 4.8 X 10"5 

xx 10"5 

(5.00  1.2) x 10~5 

(1.22  0.4) x 10"5 

incl.. diff. models 

<< 4.8 x 10- 5 

(6.00  3.0) x 10"5 

(2.22  1.2) X 10"5 

(0.33  0.4) x 10"5 

TableTable 6.3. This table gives the time-Averaged fluxes with la errors and the 2a upper limits for the 
COMPTELCOMPTEL source consistent with the position of 2CG 135+01, for the sum of observations given in 
TableTable 6.1. These results were derived including a model for the Crab in all energy ranges. In the 1-3 
MeVMeV range a point-source model at (/, b) = (134.6°, 7.0°) was included as well (see text). The second 
columncolumn shows the results obtained disregarding the possible presence of underlying diffuse emission, 
thethe third column shows the results when models for the Galactic diffuse emission are incorporated 
(see(see Section 6.3.4). 

thee non-contemporaneous measurements of 2CG 135+01 and GT 0236+610/LS I +61°303 with other 
instruments.. Note that at 1 MeV, the COMPTEL flux levels are a factor of 10 — 100 below those 
reportedd in the past for the emission from this celestial region (Coe et al. 1978; Perotti et al. 1980). 

6.3.33 Temporal analysis 

Wee performed a search for flux variations correlated with the orbital period of GT 0236+610. For 
thiss the data for each energy range were binned and analysed in 5 phase bins of width 0.2, assuming 
ann orbital period of 26.496  0.008 days with phase 0 at JD 2,443,366.775 (Taylor & Gregory 1984). In 
thee phase bins that contained a contribution from Obs. 325, we again included a point-source model 
forr the Pi excess observed in that observation in the 1-3 MeV range (see Section 6.3.1). The radio 
lightcurvess differ significantly from cycle to cycle and the phase of the peak outburst is seen to vary 
byy more than — 0.5. Therefore, this approach may fail to detect correlations of the weak 7-ray flux 
withh the orbital period if the 7-ray flux variations occur, like the radio-flux variations, at irregular 
phases.. Note that the error on the orbital period corresponds to a total relative phase shift during 
thee observations given in Table 6.1 of only 1%, but that the absolute phase may be wrong by ~ 6%, 
correspondingg to ~- 1.5 days. 

Thee results of this analysis are shown in Fig. 6.4. In each energy range, a x2~n t w ' t h a constant 
distr ibutionn has been used to determine if there is evidence for orbital-phase related flux variations. 
Thee x2 values thus obtained are 5.49, 6.10 and 3.38 for 4 d.o.f., indicating that the COMPTEL data do 
nott show evidence for flux variations correlated with the orbital phase. Due to the large statistical flux 
errors,, however, and the above-mentioned possibility of peak fluxes occurring at irregular phases, 7-ray 
variabilityy similar to that observed in X-rays with ROSAT (Taylor et al. 1996) cannot be excluded. 

6.3.44 The Galactic diffuse emission 

Soo far in the analysis we have not taken into account the possible contribution of diffuse emission 
fromm the Galactic disk. If this component, which is dominant at energies above 100 MeV, is indeed not 
negligiblee at COMPTEL energies in this region of the sky, then the flux of the COMPTEL source could 
bee significantly lower than derived above (see also Section 4.3). Furthermore, Monte-Carlo simulations 
havee shown that weak diffuse emission from a Galactic-disk distribution may result in several weak 
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E = 1 - 33 MeV 
2.0E-04 4 
1.5E-04 4 

|| 1.0E-04 
5.0E-05 5 
O.OEE + 00 

0.00 0.2 0.4 0.6 0.8 1.0 
Phase e 

E = 3 - 1 00 MeV 
1.5E-05 5 
1.0E-05 5 

|| 5.0E-06 
0.0EE + 00 

- 5 . 0 E - 0 6 6 
0.00 0.2 0.4 0.6 0.8 1.0 

Phase e 

E = 1 0 - 3 00 MeV 
1.4E-06 6 
8.0E-07 7 

|| 2 .0E-07 
- 4 . 0 E - 0 7 7 
- 1 . 0 E - 0 6 6 

0.00 0.2 0.4 0.6 0.8 1.0 
Phase e 

FigureFigure 6.4. This figure shows the flux [photons cm~2 s - i MeV'1]  as a function of orbital phase for 
threethree energy ranges. The dashed line shows the result from a x2'^ with a constant distribution. 

point-source-likee excesses at low latitudes, similar to those found in Section 6.3.1.1. An extensive 
studyy of the Galactic diffuse emission was presented in Section 4.3. For the analysis contained in this 
section,, which was performed at an earlier stage, the models for the Galactic diffuse emission are fixed 
att the values found from fits to the full sky. 

6.3 .4 .11 I m p l i c a t i o n s for der ived quant i t ies 

Inn order to assess the possible influence of the Galactic diffuse emission underneath the C O M P T EL 
sourcee on the derived source flux, we repeated the ML R analysis presented above including data-space 
modelss for the interstellar gas, using the same HI and CO surveys that were used in the COS-B studies 
(Bloemenn 1989) and adapting the model for the IC distribution from Strong & Youssefi (1995). Firstly, 
wee fitted only the HI and IC models, fixing the HI emissivities and the scaling factors for the IC models 
att the values found by Strong et al. (1996). As a result, the fluxes in the 1-3 MeV and 3-10 MeV 
rangess are reduced by a factor of ~ 2 (third column in Table 6.3). Above 10 MeV, the flux drops 
beloww ICT significance. The photon spectral index derived from these reduced 1-3 MeV and 3-10 MeV 
fluxess is consistent with that derived in Section 6.3.2, although not very constraining. Since the errors 
onn the fluxes have remained roughly constant, the temporal analysis from Section 6.3.3 is expected to 

- Ï F F 

== E5-
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yieldd even lower \2-values and was therefore not repeated. 
Secondly,, we investigated a worst-case scenario in which the CO model is added to the HI and IC 

modelss with a fixed value for the CO-to-ff.2 conversion factor Xy = 2.0. Although correlations of the 
7-rayy emission with the CO distribution have not been found in COMPTEL data, fixing Xy at the 
valuee found above 100 MeV gives an estimate of the error made in case the CO component is present, 
butt for some reason is not recognized. The inclusion of the CO model is found to result in a small 
decreasee of the 1-3 MeV and 3-10 MeV fluxes inferred for the COMPTEL source of less than ~ 15%. 

Thee effect of including the models for the Galactic diffuse emission on the parameters derived 
forr the COMPTEL source can only be considered to be crudely estimated. It is therefore likely that 
thee fluxes given in the second column of Table 6.3 are overestimated, but due to the uncertainties in 
modellingg the Galactic diffuse emission, the fluxes given in the third column of Table 6.3 should be 
interpretedd with caution as well. 

6.44 Discussion 

6.4.11 Comparison with previous measurements 
Att 1 MeV, the fluxes measured with the ST on board Ariel 5 (Coe et al. 1978) and with the 

balloon-bornee MISO (Perotti et al. 1980) in the (/,&)« (135°, 0°) region are 1-2 orders of magnitude 
abovee the phase-averaged COMPTEL flux (see Fig. 6.5). A source with a flux as high as reported by 
thesee groups would have easily been detected by COMPTEL with a significance higher than that of 
thee Crab. A possible explanation for the observed difference might be variability of 2CG 135+01 or 
off  another nearby source. However, neither between the individual observations nor between the time 
intervalss based on orbital phase do we find evidence for such strong time variability for 2CG 135+01 
orr for any other source within the COMPTEL field of view. An OSSE observation of the 2CG 135+01 
regionn carried out during the GRO viewing period 325 (Table 6.1) yielded flux values that are in 
agreementt with the COMPTEL fluxes for that observation (Tavani et al. 1996; Strickman et al. 1996). 
Long-time-scalee variability related to the proposed ~ 4-year modulation of the GT 0236+610 outburst 
peakk radio-flux density (Paredes et al. 1990) is not seen in our data, although it cannot be completely 
excludedd [see also Ray et al. (1996) for a discussion of the long-time-scale radio monitoring of GT 
0236+610],, The COMPTEL observations cover the 4-year cycle from 561 days post-maximum up to 
thee next maximum, while the Coe et al. (1978) and Perotti et al. (1980) measurements were made at 
~~ 485 and 190 days post-maximum respectively. Unless the 1 MeV 7-ray flux is much higher in the 
firstfirst few hundred post-maximum days only, the available COMPTEL data rule out a strong correlation 
withh the 4-year cycle. The fluxes around 1 MeV measured with MISO for NGC 4151 and MCG 8-11-11 
(Perottii  et al. 1981a, 1981b) are also very high compared to the generic upper limits for AGN derived 
fromm COMPTEL (Maisack et al. 1995) and OSSE observations (Johnson et al. 1994). It is therefore 
nott inconceivable that problems with background subtraction may have influenced the 10— 100 times 
higherr MISO fluxes for 2CG 135+01. In this respect, we also note the unusually high hard X-ray fluxes 
reportedd for Sco X-l from observations made with the ST on board Ariel 5 (Greenhill et al. 1979), 
comparedd to the more sensitive observations with e.g. HEAO 1 (Soong k Rothschild 1983). 

6.4.22 Identification of the COMPTEL source 
Thee celestial distributions of neither the HI nor the IC models can mimic a point-source-like 

featuree at the position of 2CG 135+01. So, despite the uncertainties in the absolute flux levels of the 
COMPTELL source due to the unknown contribution of the Galactic diffuse emission, the mere presence 
off  a source consistent with the position of 2CG 135+01 is evident. If we extrapolate the time-averaged 
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FigureFigure 6.5. This figure shows the non-contemporaneous multi-wavelength spectrum for GT 0236+610/ 
LSLS I + 61°303/2CG 135+01/2EG J0241+6119. The measurements denoted by ST and MISO may 
havehave suffered from source confusion. References: COMPTEL: this paper (second column from Ta-
bleble 6.3); VLBI : the near-minimum and near-maximum radio fluxes given in Taylor et al. (1992); 
Optical:: Paredes et al. (1994); ST: Coe et ai. (1978); MISO: Perotti et al. (1980); ROSAT: Goldoni 
&&  Mereghetti (1995); EGRET: Fierro (1995). 

high-energyy 7-ray spectrum measured for 2CG 135+01/2EG J0241+6119 (Fierro 1995; lines labelled 
' E G R E T'' in Fig. 6.6), we find that the COMPTEL fluxes prior to the correction for the Galactic diffuse 
emissionn (points labelled ' C O M P T E L' in Fig. 6.6) are consistent with the extrapolat ions. When the 
modelss for the Galactic diffuse emission are included, the fluxes are still consistent, but appear to 
bee somewhat low (points labelled 'COMPTEL(D)' in Fig. 6.6). Although this may indicate that the 
contributionn of the diffuse emission is overestimated, a spectral break is expected to occur somewhere 
inn this energy range. 

Thee extrapolations of the X-ray spectra measured for GT 0236+610 (lines labelled 'ROSAT' in 
Fig.. 6.6) and for the quasar 4U 0241+61 ( the dashed lines) do not reject any of the two being the 
possiblee counterpart of the COMPTEL source. There are several arguments, however, which favour GT 
0236+6100 being the counterpart. Firstly, 4U 0241+61 has only been detected up to ~ 20 keV (Turner 
&&  Pounds, 1989) and is not seen with EGRET (> 30 MeV). On the other hand, both ROSAT and 
E G R ETT have reported detections coincident with GT 0236+610, with location uncertainties that leave 
littl ee room for other counterparts (Goldoni & Mereghetti 1995; von Montigny et al. 1993; Thompson et 
al.. 1995). Secondly, the only active galactic nuclei (AGNs) that have been detected with COMPTEL 
(andd EGRET) up to now are those which are radio loud and have flat radio spectra. This is consistent 
withh the findings from an analysis of EXOSAT ME data by Lawson et al. (1992), who found a steeper 
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FigureFigure 6.6. This figure shows the phase-averaged liuxcs (xE2) for the COMPTEL excess 'as is' (points 
labelledlabelled 'COMPTEL'; second column in Table 6.3), and those corrected for the estimated contribution 
fromfrom the Galactic diffuse emission (points labelled 'COMPTEL(D)'; third column in Table 6.3). They 
areare compared with unabsorhed X-ray and 7-ray data for GT 0236+610 (lines labelled 'ROSAT'; 
GoldoniGoldoni & Mereghetti 1995), 2CG 135+01/2EG J0241+6119 (lines labelled 'EGRET'; Fierro 1995) 
andand 4U 0241+61 (dashed lines). All data shown, except for the COMPTEL data, are extrapolated 
powerpower laws, from the energy range in which the measurements were made (thick lines), into the MeV 
rangerange (thin lines). In each case, two power laws are shown, reflecting the uncertainties in the photon 
spectralspectral indices. The X-ray data for 4U 0241+61 (dashed lines) were measured with Einstein (Turner 
etet al. 1991), OSO 8 (Worrall et al. 1980) and EXOSAT (Turner k Pounds 1989). 

averagee 2-10 keV spectrum for radio-quiet QSOs (photon index a = 1.9  0.11) than for radio-loud 
QSOss (Q — 1.66  0.07). Although 4U 0241+61 has been shown to contain a compact radio core with 
ann inverted radio spectrum, the radio flux of ~ 0.20 Jy at 5 GHz is rather low (Apparao et al. 1978) 
andd has only been detected at radio wavelengths because it is relatively nearby (2 = 0.0438). Unless 
4UU 0241+61 behaves very differently from other radio-quiet QSOs at MeV energies, it is not likely 
thatt its spectrum extends into the COMPTEL energy range. 

Apartt from GT 0236+610 and 4U 0241+61, there are no other sources in the SIMBAD da ta base 
thatt can be regarded potential counterparts, in the sense that there are no strong non-thermal X-ray 
orr high-energy 7-ray emitters nearby. A possible contribution from the large molecular complex W3 
att (l,b) a; (134°. 1°), as part of the Galactic diffuse emission, was estimated to have a small impact 
(Sectionn 6.3.4.1). 
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6.4.33 Comparison with theory 
Thee previous sections have shown that the identification of the COMPTEL source with 2CG 

135+011 is likely, but that the absolute flux levels are uncertain by a factor of two. Here we will 
addresss the possible implications for the main theoretical models for 2CG 135+01/GT 0236+610, 
assumingg for now that the radio source and the 7-ray source are indeed one and the same. 

Thee optical Be-star appearance and the binary nature place GT 0236+610 in the well-known 
groupp of Be/X-ray binaries. Many of these systems harbour an accreting neutron star as indicated by 
thee detection of X-ray pulsations from such systems (note that the absence of such pulsations and the 
loww X-ray luminosity for GT 0236+610 still place some doubt on this classification). 

Basedd on the presence of a ~ 1.4 M 0 compact object (Hutchings & Crampton 1981), two basic 
™.^.A*\]^™.^.A*\]^ rtvï^* ^ nv^inin fur*  yifi-ïKi n r3,d.io emission 2/Titl ths ^ossibls iiî h-snfir^^^ amission of OT 
0236+610.. In the supercritical accretion (SA) model (Taylor & Gregory 1982, 1984; Taylor et al. 1992), 
aa neutron star is in an eccentric orbit around the Be star, accreting from the slow high-density 
equatoriall  wind of the latter. For suitable chosen values of the wind parameters and the eccentricity, 
thee radio outbursts arise from the energetic particles produced during the supercritical accretion 
thatt occurs near periastron passage. The four-year modulation and the varying phases of the peak 
radioo fluxes may be explained by a varying speed of the equatorial wind of the Be star (Marti' & 
Paredess 1995). However, it is not clear why the X-ray luminosity during outbursts is several orders of 
magnitudess below that for other Be/X-ray binaries (Taylor et al. 1996). 

Maraschii  & Treves (1981), on the other hand, proposed the so called young-pulsar model, in which 
thee outbursts and high-energy emission originate in the shock front that results from the collision of 
thee stellar-disk wind and the relativistic pulsar wind. Such a model has also been used for the highly 
non-thermall  1-200 keV emission detected from the Be star/pulsar system PSR 1259-63 containing a 
477 ms radio pulsar (Tavani, Arons & Kaspi 1994; Tavani et al. 1996). In the case of the PSR 1259-63 
system,, accretion onto the surface of the neutron star is inhibited by the strong radiation pressure from 
thee pulsar's electromagnetic and relativistic particle wind. The high-energy emission is produced by 
synchrotronn and inverse-Compton emission of shock accelerated particles. Shock-powered high-energy 
emissionn is of general importance in pulsar binaries and the 2CG 135+01 system may belong to the 
categoryy of hidden pulsars (Tavani 1995). 

Bothh types of models involve a neutron star in an eccentric orbit around the Be star and predict, to 
somee degree, time variability of the 7-ray emission correlated with the orbital period. The COMPTEL 
dataa on the other hand are consistent with a constant flux, but the large statistical errors on the 
COMPTELL fluxes (Table 6.3) do not allow for tight constraints on the variability. At 7-ray energies 
abovee 100 MeV, the chance that the flux from 2CG 135+01/2EG J0241 + 6119 is constant between 
observationss is only 0.1% (Fierro 1995), while an increase by a factor of ~ 2 was observed within 
aa single observation (Kniffen et al., in preparation). In the young-pulsar model of emission, orbital 
modulationn of the high energy emission depends on the poorly understood pitch angle evolution of 
radiatingg shock-accelerated particles of the pulsar wind. Upstream of the shock, the particles flow 
radiallyy away from the pulsar and therefore initially have a non-isotropic velocity distribution. For 
largee values of the ratio of the electromagnetic and plasma flow energies upstream, the shocked particles 
acquiree preferential directions of motion (Gallant et al. 1992) and a dependence of the 7-ray emission 
onn orbital phase might be observed. If, on the other hand, this ratio is low, the onset of the Weibel 
instabilityy may isotropize the downstream flow and therefore the 7-ray emission (Weibel 1959; Hoshino 
ett al. 1992). Note that in both of these cases, the shock-powered emission may be more dependent 
onn the varying conditions of the pulsar cavity being compressed by the gaseous outflow from the 
companionn star (Tavani, Arons h Kaspi 1994). 
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Thee COMPTEL measurements presented here imply a luminosity in the 1-30 MeV energy range of 
5.00 x \035(D/2 kpc)2 ergs s_1 (2.0 x 1035 ergs s- 1 if the models for the diffuse emission are included). 
Togetherr with the ROSAT and EGRET measurements, this implies a total luminosity above 0.1 keV 
off  I » 1.5 x 1036 ergs s_ 1. For comparison, the inferred total energy in the relativistic electrons 
responsiblee for the radio outbursts, which typically last several days, is only ~ 2 x 1039 ergs (Taylor 
&&  Gregory 1984). The SA model of Taylor et al. (1992) predicts an average accretion rate which 
correspondss to an accretion luminosity that is ~ 0.7 of the Eddington luminosity for a 1.4 M 0 object. 
Thiss luminosity is a factor 100 times larger than that observed above > 0.1 keV and thus could easily 
accommodatee for the 7-ray emission. However, the observed low X-ray luminosity does not fit well 
intoo this accretion model (Taylor et al. 1996). 

Onn the other hand, a high-energy luminosity near 1036 ergs s- 1 may be powered by shock emission 
off  a relativistic pulsar wind, as observed in the case of the plerionic Crab Nebula and for the binary 
Bee star/pulsar system PSR B1259-63 (Tavani et al. 1996). Here, the deduced spindown luminosity 
off  the underlying pulsar would be of the order of 1037 ergs s- 1 for a conversion efficiency into the 
7-rayy band of about 10% (similar to the conversion efficiencies observed for the Crab Nebula and for 
PSRR B1259-63). The possible spectral break observed for 2CG 135+01 in the MeV energy range may, 
whenn more accurately determined, be used to constrain parameters such as the kinetic energy of the 
particless and the electromagnetic energy flux upstream. 

6.55 Conclusions 
Wee have detected a COMPTEL source consistent with the position of 2CG 135+01 in the energy 

rangee 1-30 MeV. The flux at 1 MeV is roughly two orders of magnitude below the values reported 
inn the past for a source in this celestial region. The COMPTEL spectral shape is consistent with the 
spectrall  break expected from extrapolations of the ROSAT and EGRET observations of GT 0236+610 
andd 2CG 135+01/2EG J0241+6119 respectively. 7-Ray observations with higher spatial resolution, 
orr showing correlated variability, are necessary to prove unambiguously the association between the 
radioo source GT 0236+610 and the 7-ray source 2CG 135+01. 
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Futuree work and beyond 
Thee work presented in this thesis has made it clear that MeV astronomy, which only recently 

greww beyond its infancy, has a long and fruitful life ahead. COMPTEL will certainly contribute 
moree scientific results through the coming years, in particular since the models for the instrumental 
backgroundd and/or the analysis methods are likely to be improved. 

Suchh improvements could be achieved in a number of ways. The current data representation is 
onlyy three-dimensional, but four quantities are actually measured. This is a result of using <p, which 
combiness the measured energy deposits into a single variable. Recently, members of the COMPTEL 
collaborationn have started experiments with four-dimensional data spaces that use the full information 
contentt of the COMPTEL data. The corresponding potential increase of the detection significances 
off  sources, however, depends strongly on whether or not it will be possible to develop a model for the 
instrumentall  background in these four dimensions. Another way to increase detection significances, 
att least for pulsars, is a simultaneous analysis of both the temporal information of a source and its 
distributionn in data space. Such an approach, based on Bayesian statistics, has already successfully 
beenn applied to COMPTEL data on the Crab. Finally, we may improve on the COMPTEL results 
obtainedd from the sum of several observations. This can partly be achieved, as shown in this thesis, 
byy treating the instrumental background for each observation separately. In addition, it might also 
bee possible to find a more accurate response description for the summed data spaces, instead of that 
describedd in Section 2.4.7. 

Thee instrumental-background model itself has been a major point of concern from the beginning 
off  the mission. At this stage, the model which is most often used (Section 3.4.3) is still produced 
fromm the data themselves. Although the contributions from sources to the background model can be 
takenn into account, this is not a desirable method. For extended diffuse sources, it cannot be excluded 
beyondd doubt that the broad distributions in data space might suffer from confusion with that of 
otherr sources, or with that of the instrumental background itself. Therefore, the development of an 
instrumentall  background model that does not include a contribution from celestial photons, such as 
thee model described in Section 3.3.4, should be pursued. 

Soon,, the amount of COMPTEL data available will have doubled compared to the Phase I, II 
andd II I data that have been used in this thesis. With hopefully several more years of COMPTEL 
observationss ahead, it is quite possible that it may even triple. More data on the sources discussed in 
Chapterss 4, 5 and 6 will increase the signal-to-noise ratio and may yield more significant detections. 
Inn Cycles 4 and 5, which followed Phase III , the amount of additional data on Cyg X-l is limited, 
butt for 2CG 135+01 the data have nearly doubled. From the rate of transient black-hole candidates 
undergoingg outbursts during the last years, more detections similar to that of GRO J0422+32 are 
anticipated. . 

Thee steady increase in data naturally affects all other science obtained with COMPTEL as well. 
Severall  important COMPTEL detections, e.g., that of the cosmic-diffuse 7-ray background and the 
3-77 MeV emission from Orion, are just a few <rs above the sensitivity limit . A factor of three additional 
exposuree in such cases would definitely increase the confidence in these detections. It is also expected 
thatt time-dependent sources, such as AGNs and, in particular, the Sun which is approaching a solar 
maximum,, will provide new exciting scientific results. In this respect, another nearby supernova is 
probablyy too much to hope for. 

Lookingg ahead, it is fortunate to see that MeV astronomy is being pursued beyond COMPTEL. In 
ann advanced stage is the coded-mask based INTEGRAL mission, expected to be launched in 2001. This 
observatoryy will significantly extend the long-term space-based MeV data base and is, in particular, 
expectedd to open up the field of 7-ray line spectroscopy. Even more is to be expected from the current 
developmentt of new imaging techniques. At soft 7-ray energies up to ~ 1 MeV, the Argonne lens 
basedd on Laue diffraction crystals has been shown to allow direct focusing of the high-energy photons. 



200 200 FUTUREFUTURE WORK AND BEYOND 

Angularr resolutions down to 15" are claimed to be feasible with this technique. In the COMPTEL 
energyy domain (~ 1 - 30 MeV), the dominance of the Compton scattering process forces one to look 
forr techniques that utilize this interaction mechanism. One possible way to improve on COMPTEL's 
resultss is to use detectors with improved spectral and spatial resolutions, such as the Ge planar strip 
detectorss planned for the ATHENA telescope. With an angular resolution of a few tenths of a degree, 
suchh telescopes are better equipped for resolving sources that are only separated by a few degrees, 
suchh as Cyg X-l and PSR 1951+32. Another type of improvement may come from telescopes that 
trackk the recoil electron*, such as in the Silicon Compton Recoil Telescope (SCRT) which is based 
onn silicon-strip detectors. Although its estimated angular resolution is only of the order of 1°, the 
fundamentall  uncertainties in the arrival directions of the photons (the event circles) are eliminated. 
Thiss will lead to a considerable suppression of the background. 

**  The recoil electron is the electron on which the 7-ray photon initially scatters. In the Dl detector 
off  COMPTEL, only the energy of this electron is measured, not its direction. 


