A&A manuscript no.

(will be inserted by hand later) Your thesaurus codes are:

ASTRONOMY AND ASTROPHYSICS 3.7.1996

COMPTEL observations of the Virgo region

W. Collmar^1, K. Bennett^4, H. Bloemen^2, J.J. Blom^2, W. Hermsen^2, G.G. Lichti^1, M. McConnell^3, D. Morris^3, V. SchÈonfelder^1, J.G. Stacy^3, H. Steinle^1, A.W. Strong^1, and O.R. Williams^4 1 Max-Planck-Institut fÈur extraterrestrische Physik, P.O. Box 1603, 85740 Garching, F.R.G. 2 SRON-Utrecht, Sorbonnelaan 2, 3584 CA Utrecht, The Netherlands 3 University of New Hampshire, Institute for the Study of Earth, Oceans and Space, Durham NH 03824, USA 4 Astrophysics Division, Space Science Department of ESA/ESTEC, NL-2200 AG Noordwijk, The Netherlands

accepted 19.2.1996

Abstract. The analysis of all available COMPTEL data collected from the Virgo region of the sky between the beginning of the Compton Gamma-Ray Observatory mission in April 1991 and the end of its observational Phase III in October 1994 is currently in progress. During this period COMPTEL was pointed for in total 15 weeks directly towards the Virgo region of the sky.

In the sum of all data, the quasar 3C 273 is detected with a signiőcance of ¸9σ in the energy band 1 to 10 MeV. There is evidence for the quasar 3C 279 at a signiőcance level of

¸3.4σ in the 1-3 MeV band. In addition, there are indications

for additional(new) MeV γ-ray sources in the Virgoregion. The most signiőcant new source was detected at a level of ¸4.5σ by COMPTEL in one of the four energy ranges. Another candidate source is spatially consistent with the higher-energy EGRET source 2EG J1224+2155, and reaches a ¸3σ signiőcance level at the EGRET source position.

Key words: gamma rays: observations - galaxies: active - quasars: 3C 273, 3C 279

1. Introduction

The COMPTEL experiment aboard the Compton Gamma-Ray Observatory (CGRO) measures γ-rays in the energy range between 0.75 MeV and 30 MeV. Within its ¸1 steradian őeld-of-view COMPTEL has an energy resolutionbetween 5% and 10% and an angular resolution of ¸1^o-2^o. For a detailed description of the COMPTEL instrument see SchÈonfelder et al. (1993).

Between April 1991 and October 1994 (Phase I, II, and III of the CGRO mission) COMPTEL was pointed towards the Virgo region of the sky several times. The data of these Virgo observations are currently being analysed in detail. The main objectives of the analysis are to study the MeV properties of

Send offprint requests to: W. Collmar the prominent Virgo region quasars 3C 273 and 3C 279 over a long time span, and to search for new, previously unknown MeV gamma-ray sources using the large exposure collected.

In this paper we concentrate on "time-averaged" results which have been derived from the complete set of Virgo data (more than 15 weeks of observation time collected over a time span of 3.5 years). The results presented here should be considered as preliminary. Detailed temporal and spectral studies on individual sources are currently in progress.

2. Data analysis

So far the data have been analysed following the COMPTEL standard analysis procedures. Signiőcance maps have been generated by applying a maximum-likelihood method (de Boer et al. 1992) with a background modelling technique which eliminates any source signature but preserves the general background structure (Bloemen et al. 1994). For this initial analysis pointspread functions (PSFs) assuming an E�^2 power-law spectrum for potential sources have been used. The maximum-likelihood analysis provides various source parameters, such as ŕuxes and error regions. The quantity -2lnλ (where λ is the maximumlikelihood ratio of source + background versus background) follows a χ^2_3 distribution (3 degrees of freedom) in a search for sources. A χ^2_1 distribution applies when the possible detection of a priori selected sources is considered. To cross check the resulting maximum-likelihood maps, corresponding maximumentropy images have also been generated.

This standard analysis procedure was applied to the sum of all Virgo observations in each of the four COMPTEL standard energy bands (0.75 - 1 MeV, 1 - 3 MeV, 3 - 10 MeV, and 10 - 30 MeV) to derive time-averaged results.

3. Observations

Up to October 1994 (end of CGRO Phase III) COMPTEL had been pointed for 13 observation periods directly (within 15^oto 3C 273) to the Virgo region of the sky. In addition,there is about

2 W. Collmar et al.: COMPTEL observations of the Virgo region

an equal number of CGRO pointings which surround the Virgo sky region. To enhance the COMPTEL efőciency near the edge of the őeld-of-view of the direct Virgo observations, pointings up to 50^ofrom 3C 273 have been included in the analysis. Overall a net observation time (including efőciency corrections and data losses) of ¸35 days was collected by COMPTEL on Virgo. Table 1 lists the details of the COMPTEL pointings with the highest effective exposure toward the Virgo region.

Table 1. COMPTEL observations of the Virgo region during CGRO Phases I-III. The last column gives the angular separation between the location of 3C 273 and the COMPTEL pointing direction.

VP Obs. Time Dur. Separ. # yy/mm/dd - yy/mm/dd [days] [ffi] 3 91/06/15 - 91/06/28 13 4.3 11 91/10/03 - 91/10/17 14 2.0 204 92/12/22 - 92/12/29 7 3.2 205 92/12/29 - 93/01/05 7 3.4 206 93/01/05 - 93/01/12 7 3.2 304 93/10/19 - 93/10/25 6 5.4 305 93/10/25 - 93/11/02 8 5.8 306 93/11/02 - 93/11/09 7 8.1 307 93/11/09 - 93/11/16 7 9.7 308 93/11/16 - 93/11/19 3 10.5 308.6 93/11/23 - 93/12/01 8 10.5 311 93/12/13 - 93/12/15 2 10.4 311.6 93/12/17 - 93/12/20 3 10.4 312 93/12/20 - 93/12/27 7 7.2 313 93/12/27 - 94/01/03 7 14.3

4. Results

4.1. Combined Virgo skymaps

Combined (sum of all data) skymaps have been generated in a circular fashion (radius 25^o) around the exposure maximum on Virgo which roughly coincides with the location of 3C 273. The 1-3 MeV and 3-10 MeV skymaps (detection signiőcances) are shown in Figure 1. The likelihood ratios near the center of the 3-10 MeV map are a superposition of the individual likelihood ratios of two sources. Therefore the individual detection signiőcances for these two sources are smaller than is indicated by the contour lines shown in Figure 1 (the contribution of the other source has to be subtracted off). The 0.75-1 MeV and 10-30 MeV maps do not show excesses which clearly exceed the 3σ-threshold level.

Both maps of Figure 1 show clear evidence for the quasar 3C 273. Taking into account the known position of the object (i.e. 1 degree of freedom (dof) in the likelihood őt) and the contribution of neighboring sources, the quasar is detected with ¸7.6σ (1-3 MeV) and ¸4.7σ (3-10 MeV). Additionally, 3C 273 is detected in the 10-30 MeV energy range with ¸2.5σ. Due to the larger number of observations, the total signiőcance

Fig. 1. COMPTEL skymaps (detection signiőcances) of the Virgo region for the sum of all data (¸35 days net observation time). The contour lines start at a detection signiőcance of 2.5œ for one energy band with a step of 0.5œ (3 dof for an unknown source). The maps are generated in the 1-3 MeV (upper), and the 3-10 MeV band (lower). The locations of 3C 273 (o), 3C 279 (�) and 2EG J1224+2155 (x) are indicated. The most likely position of the new MeV source GRO J1214+06 (+) is also marked.

of the detection of this source has increased substantially with respect to its discovery in early COMPTEL analyses (Hermsen et al. 1993; Williams et al. 1995).

In the 1-3 MeV skymap there is evidence for the quasar 3C 279 at the 3.4σ-level (again for 1 dof). This is not obvious from the map shown in Figure 1 because the detection significance contours are for a search for unknown sources (3 dof). Additional support for the presence of 3C 279 at this energy range is given by the corresponding maximum-entropy map

W. Collmar et al.: COMPTEL observations of the Virgo region 3

which shows a weak spot at the location of 3C 279. At energies above 10 MeV there is evidence for 3C 279 at about the 2.5σ-level.

In addition to the prominent Virgo quasars there are two candidate MeV γ-ray sources which we discuss brieŕy in this paper. In the 3-10 MeV map there is an excess visible at α¸183.5^o,

δ¸+5.5^o(GRO J1214+06) which has a detection signiőcance of ¸4.5σ. Apart from the maximum at the location of 3C 273,

this is the most signiőcant feature in all four maps, and its signiőcance remains above 4σ taking the four trials (energy ranges) into account. In the same map another excess shows up at α¸185^o, δ¸+19.5^owith a marginal detection signiőcance of 3.4σ. However, this excess is spatially consistent (at the 2σ error location contour) with the γ-ray source 2EG J1224+2155 (α:186.1^o; δ:+21.9^o), which was detected at hard γ-ray energies by the EGRET telescope aboard CGRO and identiőed with the quasar PKS 1222+216 (Thompson et al. 1995; v. Montigny et al. 1996). The signiőcance of the COMPTEL detection at the EGRET position is ¸3σ.

The main parameters of the four (candidate) sources discussed here are compiled in Table 2. Detailed investigations on each object as well as searches for possible counterparts of the yet unknown candidate source are currently underway.

Table 2. Locations and detection signiőcances of the (candidate) sources discussed in the text for their most signiőcant COMPTEL energy intervals. The signiőcances were calculated for 1 degree of freedom (dof) or 3 dof whether the source position was known or not, respectively.

Object RA/Decl. Signiőcance Energy

[ffi_{] [}œ_{] [MeV]}

3C273 187.3/2.1 9.0(1dof) 1 - 10 3C279 194.1/-5.8 3.4(1dof) 1 - 3 GRO J1214+06 183.5/5.5 4.5(3dof) 3 - 10 2EG J1224+2155 186.1/21.9 2.9(1dof) 3 - 10

4.2. Energy Spectra

Flux values for each of the four sources in the four standard COMPTEL energy bands are given in Table 3. The corresponding energy spectra are shown in Figures 2 and 3 (differential ŕux multiplied by the square of the energy). A positive ŕux measurement is shown if the spectral point has a signiőcance of at least 2σ. Otherwise an upper limit is drawn.

The COMPTEL spectrum for 3C 273 is plotted in Figure 2 together with published spectral results from OSSE and EGRET in neighbouring energy bands. Note, that the OSSE, COMP- TEL and EGRET measurements are not contemporaneous. For OSSE we show two spectral shapes (drawn between 50 keV and 600 keV), which have been derived by Johnson et al. (1995) during high- and low-intensitystates of 3C 273. The two shapes are shown to indicate the variabilityrange of 3C 273 in hard X-/soft

Fig. 2. Combined OSSE, EGRET and COMPTEL spectrum of 3C 273, plotted as differential ŕux * E^2 , which represents a power per decade of energy plot. The spectra are not measured contemporaneously. The measured OSSE spectral shapes (Johnson et al. 1995) for a high- and a low-intensity observation are drawn between 50 keV and 600 keV. The COMPTEL error bars are 1œ and the upper limit is 2œ. The spectral turnover at a few MeV is evident.

Fig. 3. COMPTEL spectral points of the three (candidate) fl-ray sources discussed in the text. The error bars are 1œ and the upper limits (down arrows) are 2œ.

4 W. Collmar et al.: COMPTEL observations of the Virgo region

γ-rays during the time span of the observations discussed. The COMPTEL time-averaged measurement őts well overall with the OSSE and EGRET measurements. The well known bending of the 3C 273 spectrum at MeV energies (e.g. Lichti et al. 1995) is already indicated by the COMPTEL points themselves.

The COMPTEL spectral points of the other three (candidate) sources are shown in Figure 3. Earlier in the CGRO mission 3C 279 was detected by COMPTEL during VP 3 only at energies above 3 MeV (Williams et al. 1995, Hermsen et al. 1993), while it showed a major ŕare in the EGRET band (Kniffen et al. 1993). The weak detection now in the 1-3 MeV band was reported already by Collmar et al. (1995) analysing eight weeks of Virgo observations carried out between October 1993 and January 1994 (CGRO viewing periods (VP) 304 to 313 in Table 1), which is a subset of the data analysed for this paper.

The derived energy spectrum of the candidate MeV source GRO J1214+06 seems to peak in the 3-10 MeV band (Figure 3) similar to what we have seen so far from most AGN detected by COMPTEL. Due to the high upper limit in the 10-30 MeV range, a spectral peaking is not obvious for 2EG J1224+2155 but can not be excluded either. Note, that the ŕux values given for 2EG J1224+2155 (Figure 3, Table 3) are derived for the location of the EGRET source, not for the maximum of the COMPTEL skymap.

Table 3. Preliminary time-averaged ŕuxes and upper limits for the four (candidate) sources. The ŕuxes are given in units of 10�^5cm�^2s�^1. The errors are 1œ. The upper limits are 2œ. The errors and upper limits are statistical only. We estimate systematical errors to be of the order of 30%.

Source Energy band Fluxes (MeV) (10�^5 cm�^2s�^1) 3C273 0.75 - 1 <8.5 1 - 3 14.5�2.2 3 - 10 3.9�0.9 10 - 30 0.6�0.3 3C279 0.75 - 1 <8.8 1 - 3 6.3�2.0 3 - 10 <3.2 10 - 30 0.8�0.3 GRO J1214+06 0.75 - 1 <5.1 1 - 3 <6.8 3 - 10 4.0�0.9 10 - 30 <0.7 2EG J1224+2155 0.75 - 1 <4.8 1 - 3 <5.4 3 - 10 2.6�0.9 10 - 30 <0.9

5. Summary and outlook

During the őrst 3.5 years of its mission COMPTEL has accumulated a very high exposure of the Virgosky region. A detailed analysis of these data has begun. In this paper we report őrst and as yet preliminary results from an analysis of the sum of all COMPTEL Virgo data, gathered up to October 1994. Apart from the quasar 3C 273, which is - at least in this time-averaged analysis - the strongest MeV source of the Virgo region, there is evidence for further MeV γ-ray sources in this sky region. In particular, there is evidence for emission from 3C 279 at energies above 1 MeV, and there are indications for emission from two additional sources at energies between 3 and 10 MeV. A more detailed analysis for each candidate source is in progress, including spectral and temporal studies analysing the individual Virgo observations. Counterpart searches for the yet unknown source candidate GRO J1214+06 are underway.

Acknowledgements. This research was supported by the Deutsche Agentur fÈur Raumfahrtangelegenheiten (DARA) under the grant 50 QV 90968, by NASA under contract NASA- 26645, and by the Netherlands Organisation for Scientiőc Research.

References

Bloemen H., Hermsen W., Swanenburg B.N. et al., 1994, ApJ Suppl.

92, 419 de Boer H., Bennett K., Bloemen H. et al., 1992, In: Data Analysis in Astronomy IV, eds. V. Di Gesu et al. (New York: plenum Press), 241 Collmar W., Bennett K., Bloemen H. et al., 1995, In: Seventeenth Texas Symp. on Relativistic Astrophys. and Cosmology, eds. W. Voges, G. Wiedenmann, G.E. Morőll, and J.E. TrÈumper, MPE Report 261, 81 Hermsen W., Aarts H.J.M., Bennett K. et al., 1993, A&A Suppl. 97, 97 Johnson N., Dermer C.D., Kinzer R.L. et al., 1995, ApJ 445, 182 Kniffen D., Bertsch D.L., Fichtel C.E. et al., 1993, ApJ 411, 133 Lichti G., Balonek T., Courvoisier T.J.L. et al., 1995, A&A 298, 711 v. Montigny C., Bertsch, D.L., Fichtel, C.E. et al., 1993, A&A Suppl.

97,101 v. Montigny C. et al., 1996; these proceedings SchÈonfelder V., Aarts H., Bennett K. et al., 1993, ApJ Suppl. 86, 657 Thompson D.J., Bertsch B.L., Dingus B.L. et al., 1995, ApJ Suppl.

101, 259 Williams O.R., Bennett K., Bloemen H. et al., 1995, A&A 298, 33

This article was processed by the author using Springer-Verlag LaTEX A&A style őle L-AA version 3.