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Abstract 

Observations of the Galactic center region black hole candidate 

1E 17 40.7-2942 have been carried out using the Cal tech Gamma-Ray Imaging Pay­

load (GRIP), the Rontgensatellit (ROSAT) and the Very Large Array (VLA). These 

multiwavelength observations have helped to establish the association between a 

bright emitter of hard X-rays and soft 1-rays, the compact core of a double radio jet 

source, and the X-ray source, 1E 1740.7-2942. They have also provided information 

on the X- ray and hard X- ray spectrum. 

The Galactic center region was observed by GRIP during balloon flights from 

Alice Springs, NT, Australia on 1988 April 12 and 1989 April 3. These observations 

revealed that 1E 1740.7-2942 was the strongest source of hard X-rays within ,..._,10° 

of the Galactic center. The source spectrum from each flight is well fit by a single 

power law in the energy range 35-200 keV. The best-fit photon indices and 100 keV 

normalizations are: 1 = (2.05 ± 0.15) and K 100 = (8.5 ± 0.5) x 10- 5 cm- 2 s-1 keV- 1 

and 1 = (2.2 ± 0.3) and K 100 = (7.0 ± 0.7) x 10-5 cm- 2 s- 1 keV-1 for the 1988 and 

1989 observations respectively. No flux above 200 keV was detected during either 

observation. These values are consistent with a constant spectrum and indicate that 

1E 1740.7- 2942 was in its normal hard X-ray emission state. A search on one hour 

time scales showed no evidence for variability. 

The ROSAT HRI observed 1E 1740.7-2942 during the period 1991 March 

20-24. An improved source location has been derived from this observation. The 

best fit coordinates (J2000) are: Right Ascension = 17h43m54s.9, Declination = 

-29°44'45".3, with a 90% confidence error circle of radius 8".5. The PSPC observa­

tion was split between periods from 1992 September 28- October 4 and 1993 March 

23-28. A thermal bremsstrahlung model fit to the data yields a column density of 

NH = 1.12~~:f~ x 1023 cm-2 , consistent with earlier X- ray measurements. 

We observed the region of the Einstein IPC error circle for 1E 1740.7- 2942 

with the VLA at 1.5 and 4.9 GHz on 1989 March 2. The 4.9 GHz observation revealed 

two sources. Source 'A', which is the core of a double aligned radio jet source (Mirabel 
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et al. 1992), lies within our ROSAT error circle, further strengthening its identification 

with 1E 1740.7-2942. 
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Chapter 1 

Introduction 

The mid-1960s saw the first flights of balloon-borne hard X- ray1 telescopes 

and with them, the first detection of hard X-rays from the direction of the Galactic 

center region. From that time to the present, the Galactic center has been one of the 

most frequent targets of high energy observations. One motivation for this has been a 

search for hard emission from the Galactic nucleus which could indicate the presence 

of a massive black hole like those seen in distant active galactic nuclei. While a few 

sources were identified by these early efforts, the rather coarse angular resolutions of 

the instruments made it impossible to derive a clear picture of the region and answer 

whether there was in fact a source of hard X-rays and 1-rays at the center of the 

Milky Way. 

This remained the case until the mid-1980s when a new type of hard X- ray 

telescope was developed and came into use. With degree or better spatial resolution, 

very good flux sensitivity, and energy resolution similar to previous scintillator-based 

experiments, coded-aperture telescopes have painted an entirely new picture of the 

central portion of the Milky Way. Rather than speculating about contributions to 

spectra and light curves of a field that includes multiple, unresolved point sources, 

1 I will refer to photons with energies above ~10-20 keV as "hard X-rays" or "soft -y-rays." 
X- rays or "soft X-rays" have energies below this range. The distinction is made largely on the basis 
of the observational techniques used as opposed to the physical processes at the source: soft X-rays 
may still be collected using grazing incidence mirrors, while hard X- rays can no longer b e practically 
focussed. 
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we can now make specific studies about the several variable sources of hard emission 

that populate the sky in the central 100 square degrees of the Galactic center. Thus, 

for the first time, we are capable of determining whether a powerful 1-ray source lies 

at the Galactic center. 

This dissertation discusses one of the first of these telescopes sensitive to 

energies above 30 keV, the Caltech Gamma-Ray Imaging Payload (GRIP), and its 

identification and characterization of the brightest of the Galactic center sources, 

lE 1740.7-2942. It also describes observations made at X- ray energies from 0.5 to 

2.5 ke V and at radio wavelengths undertaken as part of a multi wavelength campaign 

aimed at discovering the nature of this unique source. 

The following sections recount some of the important instruments and obser­

vations that have led to the current state of understanding of the high energy emission 

from the Galactic center region. They are intended as perspective for the observa­

tions and analyses described in the body of this dissertation, not as a comprehensive 

history of the field. 

1.1 The First Hard X-Ray Observations 

Groups from the University of California, San Diego {UCSD) (Peterson et al. 

1968) , the Massachusetts Institute of Technology (MIT) (Clark, Lewin, and Smith 

1968), the NASA Goddard Space Flight Center and the University of Maryland 

(GSFC/UM) (Riegler, Boldt , and Serlemitsos 1968), the University of New Hamp­

shire (UNH) (Guo, Webber, and Damle 1973), Rice University (Haymes et al. 1968), 

and the University of Adelaide (Buselli et al. 1968) began observing the sky at en­

ergies above 10 keV as early as 1965. Their efforts followed the success of Geiger 

and proportional counters carried on sounding rockets which opened an observational 

window at energies up to ""10 keV (see, for example, Friedman, Byram, and Chubb, 

1967) , and revealed a sky rich with previously unknown sources. The Galactic cen­

ter region in particular contains well over twenty X-ray sources within a 10° radius 

(Triimper 1992). 

The new hard X- ray instruments employed inorganic scintillation detec-
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tors such as sodium iodide doped with thallium ( Nal(Tl) ) to detect hard X-rays 

during balloon flights at altitudes as great as 150,000 feet . In order to reduce at­

mospheric and internal backgrounds, the primary detectors were shielded either ac­

tively (by additional scintilla tors in anticoincidence) or passively. The fields of view 

(FOVs) were large, typically ~ 10° full width at half maximum (FWHM). With no 

innate imaging capabilities, these instruments simply summed the emission from all 

sources within the FOV. In order to achieve some spatial resolution, the UCSD, MIT, 

GSFC/UM, UNH, and Adelaide instruments employed a scanning technique. The 

MIT and GSFC /UM detectors were continuously rotated in azimuth at fixed ele­

vation and the UNH instrument panned back and forth in azimuth, again at fixed 

elevation. The UCSD and Adelaide instruments were maintained at a fixed pointing 

direction while the sky moved through the FOV. The effect of these techniques is to 

provide temporal modulation of the detected flux as sources pass in and out of the 

FOV. Each scan therefore provides some information on the source distribution along 

the scan axis. The Rice instrument, having the widest FOV (24° FWHM), alternated 

source-on and source-off measurements for the purpose of background subtraction, 

rather than implementing a scanning technique. 

The MIT, GSFC/UM, UNH, Rice, and Adelaide instruments looked in the 

direction of the Galactic center region, and all detected hard X -ray emission. How­

ever, their wide fields of view prevented firm identifications with sources known from 

soft X- ray observations. The spectrum of hard photons from the region was seen to 

be consistent with a power law (dN/dE = K x E - "Y cm-2 s-1 keV-1) with a photon 

index, /, between 2 and 3. The normalization varied by a factor of as much as 4 

between measurements, suggesting variability of a source or sources in the region. In 

addition to power law emission, the Rice instrument detected a spectral feature near 

500 keV during two balloon flights (Johnson, Harnden, and Haymes 1972; Haymes 

et al. 1975) which would prove to be the first 1-ray spectral line from a celestial 

source (see §1.4). 

In 1970, the MIT group flew the first instrument capable of localizing sources 

at the degree level. This instrument featured an asymmetrically collimated FOV - a 

slit 1 o .5 x 13° FWHM. Scans perpendicular to the long axis of the slit placed sources 
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to better than "'1 o in one axis. A pair of crossed scans would place the source in both 

axes. Using this method, the MIT instrument discovered the X-ray pulsar GX1+4 

and identified it with a known soft X- ray source, 3U 1728-24 (Lewin, Ricker, and 

McClintock 1971; Ricker et al. 1976) 5 degrees from the Galactic center. No source 

was detected at the Galactic nucleus. In 1972 April, a second balloon flight of the 

same instrument detected GX1+4 during a single scan (Ricker et al. 1976). Its hard 

X-ray flux had increased by more than a factor of 3 above the 1970 observation to a 

level of rv8 x 10-4 cm-2 s-1 keV-1 at 50 keV. This sort of strong variability is now 

known to be a property of all the Galactic center hard X -ray sources, a fact that 

makes nonimaging observations especially problematic. 

1.2 Hard X-Rays from the Galactic Center? 

The next set of instruments to make important contributions to our picture 

of the Galactic center region did not have the resolving power of the MIT slit scanner, 

but benefited from either a large collecting area or satellite platforms from which to 

make their observations. In 1975, the Ariel 5 satellite's scintillation telescope observed 

hard emission from the Galactic center region during an observation spanning 3 days. 

Although scans with its 8° FWHM aperture could not locate sources precisely, Coe 

et al. {1981) suggested that GX3+1 and a source at the Galactic center were active 

during this time and that the Galactic center source was responsible for rv50% of 

the high energy emission. They found that their data above 60 keV, where they felt 

the Galactic center source was dominant, were well fit by a power law with a photon 

index of 1 = 1.6 ± 1.0. 

In November 1977, a group from the Naval Research Laboratory (NRL) 

flew a balloon-borne 1-ray telescope with a collecting area of 765 cm2- more than 

10 times larger than most earlier instruments (Knight et al. 1985). This telescope's 

pointing system also gave it the ability to scan both along and perpendicular to the 

Galactic plane. Even with a 5° FWHM aperture, the instrument detected 5 sources 

associated with objects known from 2-10 keV observations. One of these sources, 

A1742-294, lies within 0°.5 of the Galactic nucleus. However, the statistics of the fit 
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were also consistent with an origin at the Galactic center. Knight et al. (1985) find a 

photon index of 1.88 ± 0.43 and a strength of"' 6 x 10-5 cm-2 s-1 keV-1 at 100 keV 

for the hard emission. 

The OS0-8 (Orbiting Solar Observatory 8) also detected a source consistent 

with the Galactic nucleus during scans through the region a year later in 1978 Sep­

tember (Dennis et al. 1980). The 1-ray detector on OS0-8 consisted of a 5° FWHM 

field of view scintillation telescope aligned 5° from the spacecraft spin axis. With the 

spacecraft spin axis pointing at Galactic coordinates, l "' 5° and b "' 1 o, the telescope 

scanned through the Galactic center region every lOs during the 5 day observation. 

Fits to the counting rate as a function of scan angle required two sources-one con­

sistent with the location of GX1 +4, and a second near the Galactic nucleus. Figure 

1.1 shows the 95% confidence contour for the position of the hard source together 

with the error region from the NRL balloon observation. Counting rates in four en­

ergy bands clearly showed that the near Galactic center source had a much harder 

spectrum than the X-ray pulsar GX1+4. A spectral fit assuming a source at the 

best fit location found a photon index, 1 = 2.3 ± 0.3 and flux density at 100 keV of 

"' 1 x 10- 4 cm- 2 s-1 kev-1, in reasonable agreement with the NRL result. 

The UCSD /MIT instrument on board the first High Energy Astronomy Ob­

servatory (the HEA0-1 satellite) made the last set of observations with fine enough 

collimation to provide useful information on the source distribution in the Galactic 

center region before the advent of true imaging at hard X-ray and 1-ray energies. The 

HEA0-1 A4 instrument (Matteson 1978; Bradt, Ohashi, and Pounds 1992) consisted 

of two scintillation detectors with narrowly collimated (1 o .5 x 20°) fields of view. The 

spacecraft rotated with a 30 minute period on an axis along the Earth-Sun line. Thus, 

the field of view of the instruments scanned great circles goo from the Sun, covering 

the whole sky every six months. HEA0-1 observed the Galactic center in 1978 Sep­

tember and March and 1979 September (Levine et al. 1984; Matteson 1982). More 

than 10 sources appeared in the scans. Most of these were identified with sources 

known in the 1 - 10 keV band. However, the detections included a source within 

rv0° .5 of the Galactic center. The three observations found that this was the hardest 

source in the region, with photon indices of 2.1, 2.6, and 2.1. Its strength varied by 



1 E 1740.7-2942 

OS0-8 
1978 Sept. 

NRL 
1977 Nov. 

oo 
Galactic Longitude 

Figure 1.1: Error regions {95% confidence) for the near Galactic center hard X- ray 
source(s) from the NRL balloon experiment (Knight et al. 1985) and the OS0-8 
satellite (Dennis et al. 1980). Also shown is the position of 1E 1740.7- 2942, which 
was likely the source detected by these observations. 
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as much as a factor of 3 on six month time scales, ranging from from ,.._, 7 x 10-5 to 

rv 2 X 10-4 cm-2 s-1 keV- 1 at 100 keV. 

The NRL, OS0-8, and HEA0-1 observations seemed to indicate the presence 

of a strong source of hard X- rays at the Galactic center. The source was even named 

"GCX" after the diffuse Galactic center X- ray source. Because of its unique nature 

in the region, its high luminosity (which is similar to . Cyg X-1 assuming a distance 

of 10 kpc), and the fact that black hole powered active galaxies show hard emission, 

it was thought that this was perhaps a black hole at the center of the Milky Way. 

We will see in the next section, however, that these observations were consistent with 

emission from 1E 1740.7-2942, located rv0° .8 from the Galactic center. 

1.3 Hard X-Ray Images of the Galactic Center 

In 1985, the first true hard X-ray images of the Galactic center were obtained 

by the coded-aperture telescope on the Spacelab 2 mission (Skinner et al. 1987). 

A coded-aperture telescope works on the same principle as a pinhole camera, but 

uses many holes to increase throughput of source photons. The overlapping images 

detected by a position sensitive photon detector are then unfolded using mathematical 

techniques. For a more in depth discussion, see §2.1.1. Spacelab 2 was a free flying 

instrument released from the space shuttle for observations and then retrieved and 

returned to Earth. Its images spanned an energy range from 2.5-32.5 ke V with 

angular resolutions of 12' and 3' corresponding to the two independent telescopes 

carried. Figure 1.2 shows images in four energy bands of the central 40 square degrees 

of the Galaxy. The low energy images are consistent with earlier high resolution 

images from the Einstein X- ray observatory. They show a complex of sources within 

1 o of the Galactic center, including a source coincident with the Galactic nucleus 

compact radio source, Sgr A*. However, due to the soft spectra of most ofthe sources, 

only two are detected at energies above 20 keV: A1742-294 and 1E 1740.7-2942, 

with 1E 1740.7-2942 the much brighter of the two. This led Skinner et al. (1987) to 

suggest that 1E 17 40.7- 2942 was the most likely source of the near Galactic center 

hard emission seen by Ariel 5, the NRL balloon telescope, HEA0-1 and other wide 
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FOV instruments. 

Three years later, in 1988 April, Caltech's GRIP telescope flew from Alice 

Springs, Northern Territory, Australia. Also a coded-aperture instrument, GRIP has 

a 5 em thick Nai(Tl) detector which achieves sensitivity in an energy range extending 

from 30 keV to 10 MeV (Althouse et al. 1985). GRIP is described in Chapter 2. Our 

observation revealed a single bright source of hard X -rays located rv0° .8 from the 

Galactic nucleus (see Figure 1.3) (Cook et al. 1991a; Cook et al. 1991b). The position 

of this source was shown to be consistent with 1E 1740.7-2942 and only marginally 

consistent with any other source detected by Skinner et al. (1987). A comparison 

of the GRIP and Spacelab 2 spectra showed that the > 30 keV flux matched well 

with the lower energy emission, further confirming the association of the hard X-ray 

source with IE 1740.7-2942. From these data, we measured a power law spectrum 

with a photon index of 1 = 2.05 ± 0.15 and a strength at 100 keV of (8.5 ± 0.5) x 10-5 

cm- 2 s- 1 kev-I, in reasonable agreement with the earlier nonimaging results. 

1.4 Positron Annihilation Radiation 

A second puzzle regarding the Galactic center has in some ways paralleled 

the mystery of the source of hard continuum emission. This puzzle, however, has 

yet to be solved. During balloon flights in 1970, 1971, and 1974, the Rice 1-ray 

spectrometer observed a line in the Galactic center spectrum near 500 keV (Johnson, 

Harnden, and Haymes 1972; Johnson and Haymes 1973; Haymes et al. 1975). The 

line was interpreted as most likely due to the annihilation of positron-electron pairs 

which produces characteristic 511 keV 1-rays. However, the line appeared red-shifted 

in the first two flights and blue-shifted in the third. The apparent red-shift may have 

been caused by three photon ortho-positronium annihilation continuum included in 

the line flux due to the energy resolution of the instrument (Leventhal 1973). An 

asymmetric line profile in the last observation led the authors to suggest that the true 

line energy was 511 keV (Haymes et al. 1975). In 1977, a group from Bell Laboratories 

and Sandia National Laboratory flew a high resolution germanium telescope which 

showed that the feature was indeed a narrow line at 510.7 ± 0.5 keV- the result of 
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positron annihilation (Leventhal, MacCallum, and Stang 1978). The strength of the 

line was "'1.2 x 10-3 cm-2 s- 1 . 

Interest in the line grew enormously when an observation in spring 1980 

with the germanium spectrometer on the HEA0-3 satellite detected a factor of three 

decrease in the line strength (from (1.85 ± 0.21) x 10- 3 to (0.65 ± 0.27) x 10-3 

cm-2 s-1 ) compared to the fall 1979 measurement which had been consistent with 

the Bell/Sandia measurement (Riegler et al. 1981). This variability implied a source 

region of less than 0.5 light years and was possible evidence for a massive black hole 

at the Galactic center. These data have since been reanalyzed and the significance of 

the variation reduced (Mahoney 1988). However, further high resolution observations 

by the Bell/Sandia group and others failed to detect the annihilation line through 

1985, suggesting that the decrease was real (Leventhal et al. 1982; Leventhal et al. 

1986; Paciesas et al. 1982) . During this period and continuing to the present, the Nal 

1-ray spectrometer on the Solar Maximum Mission annually observed the region and 

consistently detected the annihilation line at a level of "'2 x 10-3 em - 2 s-1 . (Share 

et al. 1988). The rather high value seen by this wide FOV (130° FWHM) instrument 

while narrower aperture instruments detected no emission suggests that there is a 

distributed source of 511 keV radiation. 

Since 1988, the new, more sensitive balloon-borne germanium telescopes 

GRlS, from the GSFC, and HEXAGONE, from the UCSD/France collaboration, as 

well as the Oriented Scintillation Spectrometer Experiment (OSSE) on the Compton 

Gamma-Ray Observatory ( CGRO) have again detected the annihilation line (Tueller 

1993 and references therein). The germanium spectrometers with fields of view of 

"'20° detected flux at a level of "'1 X 10- 3 cm-2 s-I, while OSSE, with a 4° X 11° 

FOV, sees a lower level of (2.5 ± 0.3) x 10-4 cm- 2 s- 1 (Purcell et al. 1993). This 

dependence of the flux on the FOV further indication of a distributed source along 

the Galactic plane. These instruments have yet to confirm time variability. 

The best fit models to all the observations now require a compact source 

to provide variability, as well as a distributed source to explain the observed de­

pendence on FOV. It is the compact source which may eventually be identified by 

a coded-aperture telescope. In fact, a strong candidate has already been identi-
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fied: 1E 1740.7-2942. In 1990 October, SIGMA, the coded-aperture telescope on 

the GRANAT observatory, detected an outburst of emission from 1E 1740.7- 2942 

between 200- 600 keV (see Figure 1.4). This spectral "hump" has been interpreted 

as the emission from positron annihilations in a hot plasma. While no narrow 511 

keV line was detected in this episode, lE 1740.7-2942 is now a prime candidate for 

a source of positrons which may escape to annihilate in the interstellar medium, 

producing the variable component to the Galactic center 511 keV emission. 

After twenty years of nonimaging hard X-ray observations, coded-aperture 
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telescopes have answered one of the most important questions about our galaxy: Is 

the nucleus of the Milky Way a persistent strong source of hard X-ray and soft 1-ray 

emission? The answer is, "No." In so doing, however, they have identified a new 

and exciting high energy source and touched off a flurry of observations intended to 

discover the nature of this powerful emitter of hard X-rays and 1-rays. Observations 

of 1E 1740.7-2942 have also provided a major clue (or perhaps red herring?) in the . 

longstanding mystery of the Galactic 511 keV emission. 

1.5 The Structure of this Dissertation 

The background presented here has demonstrated the importance of the 

imaging capabilities provided by coded-aperture telescopes for the Galactic center and 

any other crowded region of the hard X- ray sky. It has also provided a setting for the 

studies of 1E 1740.7-2942 which are described in the body of this thesis. The rest of 

this dissertation details the analysis of the observations of 1E 1740.7- 2942 performed 

with the GRJP telescope in 1988 April and 1989 April, taking as a starting point the 

hard X- ray identification of 1E 1740.7- 2942. It also describes X- ray observations 

made with ROSAT and radio observations made at the Very Large Array which 

have played an important role in extending our understanding of this very interesting 

source. 

This dissertation is built around three papers which have been published or 

accepted for publication in The Astrophysical Journal. They appear here unmodified 

except in typesetting. The figures and tables have been renumbered to conform to 

the overall document scheme and the bibliographies have been incorporated in the 

overall thesis bibliography. Chapters 3 and 4 are in depth discussions and analyses of 

the GRJP observations, and Chapter 5 covers the ROSAT and VLA observations and 

results. Chapter 3 appeared originally as a Letter in The Astrophysical Journal (Cook 

et al. 1991b) . This paper marks the beginning of my study of the Galactic center 

region in general and 1E 1740.7- 2942 in particular. In 1993, Chapter 4 appeared as 

a paper in The Astrophysical Journal (Heindl et al. 1993) . Finally, Chapter 5 will 

appear in The Astrophysical Journal in 1994 August (Heindl, Prince, and Grunsfeld 
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1994). 

The remainder of the chapters fill in details to supplement the published 

chapters. Chapter 2 provides a description of the coded-aperture technique and its 

application in the GRIP telescope as well as the observations made of the Galactic 

center region. Chapter 6 updates the high energy observations of 1E 1740.7-2942 

made by SIGMA since the 1989 GRIP flight. Chapter .7 summarizes the results of 

searches for a companion at optical and infrared wavelengths. Chapter 8 contains the 

conclusions of this work. 
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Chapter 2 

Gamma-Ray Instrumentation and 

Observations 

The 1-ray observations of 1E 1740.7-2942, performed with the Caltech 

Gamma-Ray Imaging Payload (GRJP) form the central focus of this dissertation. 

GRIP is described briefly here, and other brief descriptions are included in Chapters 

3 and 4, as part of works which previously appeared in The Astrophysical Journal 

and The Astrophysical Journal Letters. This chapter is intentionally terse, because 

my main involvement with GRJP has been in its use as an astronomical observatory, 

rather than in the development of the instrument itself. Also, GRJP has been de­

scribed in the literature (Althouse et al. 1985) and extensively in two previous theses 

(Finger 1987; Palmer 1992). I did, however, participate in the 1989 field campaign 

which obtained the data discussed in Chapter 4. I have also been heavily involved 

in the development of the new detector system which has been built for the second 

generation GRJP telescope, GRlP-2 (see Chapter 8). 

In addition to the hard X-ray and 1-ray observations, we observed 

1E 1740.7- 2942 at X-ray and radio wavelengths using the Rontgensatellit (ROSAT) 

(Trtimper 1984) and the Very Large Array (VLA) (Bridle 1986) respectively. These 

observations are detailed in Chapter 5. 
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2.1 GRIP 

GRIP is a balloon-borne 1-ray telescope which forms images and spectra 

in the energy range 30 keV- 10 MeV. GRIP uses the coded-aperture technique to 

produce sky maps at energies where mirrors and lenses are no longer effective. For 

complete discussions of the technique, the GRIP instrument, and its performance, see 

Skinner (1984), Althouse et al. (1985), Finger (1987), and Palmer (1992). 

2.1.1 The Coded-Aperture Technique 

A coded-aperture telescope requires two primary components: a "mask" and 

a position sensitive photon detector. The mask is a pattern of opaque and transparent 

regions which spatially modulates the sky flux incident on the photon detector. Each 

source in the field of view casts a 1-ray shadow of the mask pattern on the detector. 

Providing that this pattern is well chosen, the detected shadow can be deconvolved to 

form a sky image. A set of optimal patterns for 1-ray astronomy are those built on 

skew Hadamard uniformly redundant arrays (URAs) (Finger and Prince 1985). Two 

properties of URAs make them well suited to coded-aperture imaging. First, apart 

from effects due to finite cell sizes, their auto-correlation functions are a constant 

baseline with a single narrow peak. This is the "uniformly redundant" feature, and it 

guarantees that deconvolving the shadow pattern produces a unique sky map without 

artifacts. Second, these URAs are nearly half open and half closed. At any time, 

half the detector measures source plus background flux, while the other half measures 

background alone. This is statistically optimal for 1-ray astronomy, which is strongly 

background dominated for nearly all sources. 

2.1.2 The Detector System 

Figure 2.1 shows the elements of the imaging system and Table 2.1 lists 

its important parameters. The primary detector is a 41 em diameter, 5 em thick 

Nai(Tl) disk. Scintillation photons are detected by nineteen 3" photomultiplier tubes 

(PMTs) which are optically coupled to a glass window at the rear of the detector. A 
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Figure 2.1: The GRIP detector system. 
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TABLE 2.1 

Key parameters of the GRIP telescope and gondola. 

Energy Range 
Energy Resolution 

(FWHM) 
Field of View 
Angular Resolution 
Primary Detector 
Useful Area 
Shields 

Mask 

Detector Position Resolution 
(FWHM) 

Altitude 
Balloon 
Duration 

30keV- 10MeV 
23%@ 60 keV 
6%@ 1 MeV 
14° FWHM 
1.0 1 FWHM 
41 em x 5 em Nal(Tl) 
645 cm2 

Rear: 5 em Nal(Tl) 
Sides: 16 em Plastic Scintillator 
Front: 14° FWHM Pb collimator 
Rotating ( 1 rpm) HURA 
Cells: 4.8 em flat-flat/2.8 em Pb, 0.8mm Sn 
2.5m above detector 
1.3 em@ 122keV 
1.0 em @ 662keV 
120,000 ft 
23/28 MCF 

::::_ 40 hr 

18 
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maximum likelihood algorithm is used to compute event locations in three dimensions 

from the distribution of detected light, and deposited energies are computed from the 

sum of the 19 PMT signals. The position resolution-which determines how sharply 

the shadow is detected-is 1.2 em FWHM at 122 keV and 1.0 em at 662 keV. The 

detector energy resolution is 25% FWHM at 60 keV and 7% at 1 MeV. 

The camera plate is shielded at the rear and the sides by active antico­

incidence detectors. A second Nai(Tl) camera plate (which does not record event 

positions) forms the rear shield, while a thick ("' 16 em) plastic scintillator surrounds 

the periphery of the detector. The active shield system reduces several components 

of the background. These include atmospheric 1-rays, 1-rays from celestial sources 

outside the coded FOV, source photons and internally produced background photons 

which Compton scatter and leave the camera plate, and events which produce 29 

keV iodine escape photons. A passive lead collimator with a 14° aperture (FWHM) 

reduces the diffuse component of background within the field of view. 

2.1.3 The Mask 

The particular URAs employed in GRIP are built on a hexagonal lattice 

and are therefore called hexagonal uniformly redundant arrays (HURAs) (Finger and 

Prince 1985). HURAs have the additional property of being nearly anti-symmetric 

upon 60 degree rotation, with only the central cell remaining unchanged. Because 

of this antisymmetry, subtracting the detected photon distribution (shadow pattern) 

accumulated with the mask rotated by 60 degrees from that accumulated with the 

unrotated mask provides a point by point background subtraction in the detector. 

We call the patterns resulting from these antisymmetric orientations, "mask" and 

"antimask" patterns. This mask/anti-mask background subtraction is achieved with 

GRIP through a continuous rotation of the mask during flight. Because the mask 

consists of a unit pattern repeated several times, a single point source produces a 

lattice of peaks in the sky map - one for each repetition. Rotation breaks the 

translational symmetry of the mask and restores the unique nature of the deconvolved 

sky map. For a complete discussion of the use of HURAs for coded-aperture imaging, 
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see Cook et al. (1984) and Finger and Prince (1985) . 

The mask pattern used for the observations described here is shown in Figure 

2.3. Each opaque cell is a right hexagonal cylinder 4.8 em flat-to-flat . Dividing 4.8 

em by the 250 em mask to detector separation yields GRJP's 1°.1 resolution. The 

opaque cells are made of 2.8 em of lead on top of 0.8 mm of tin. The tin absorbs lead 

fluorescence photons (several lines of"" 80 keY) which would otherwise contribute 

to the instrumental background. The blocks are mounted on an aluminum hexcel 

platform which serves as the turntable for mask rotation. 

2.1.4 Effective Area 

Figure 2.3 is a plot of the instrumental effective area as a function of energy. 

The effective area is given by 

(2.1) 

The factors c and 1J are both functions of energy, while Ageom = 645 cm2 is the 

(constant) geometric detector area used for analysis. c, the instrument efficiency, 

is the fraction of incident photons which deposit their full energy in the detector. 

It includes the effects of attenuation in passive instrument materials, the on-axis 

blockage of the collimator, and the full-energy efficiency of the detector itself. The 

imaging factor, 1}, (of order unity) describes the loss of sensitivity caused by the 

spreading of the detected mask shadow due to the finite size of the detector point 

spread function . The step at 300 keV is due to a cut applied to events below 300 keV. 

At these energies, events in the rear half of the detector are preferentially background 

photons and are therefore rejected. 

2.1.5 The Pointing Platform 

Figure 2.4 is a diagram of the full telescope and gondola. The telescope is 

mounted in an altitude-azimuth pointing platform. Elevation is maintained by a step­

per motor driven ballscrew assembly. Azimuthal pointing is maintained through a 



Figure 2.2: The GRIP mask pattern. Black and white cells indicate opaque and 
transparent regions respectively. The cells are 4.8 em flat-to-flat . 
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feedback system based on a magnetometer arranged in a flux nulling mode. The mag­

netometer is mounted on a rotation stage which is oriented to zero the flux through 

the magnetometer when the telescope is at the desired azimuth. Any deviation gives 

rise to differential flux in the magnetometer producing an error signal which drives 

the azimuthal control motor to correct for the error. Both the elevation drive motors 

and the magnetometer rotation stage are controlled by an on-board microprocessor 

which calculates the required hardware parameters (motor steps and stage rotation) 

to track a given right ascension and declination. Because tilts of the pointing plat­

form can directly affect the telescope elevation and the nulling of the magnetometer, 

a pair of inclinometers with orthogonal sensitive axes are mounted on the gondola 

frame. These are not used for real time pointing, but provide corrections to detected 

photon positions which are applied ex post facto in the image reconstruction process. 

Achieved aspect solutions, including corrections from the inclinometer and 

magnetometer error signals, are typically accurate to better than rv0°.5 (Palmer 1992). 

However, this is insufficient to identify sources in confused fields . In particular, the 

Galactic center field is known to be crowded at X-ray energies on the sub-degree 

level. For this reason, GRJP has an optical aspect sensing system. Two CCD star 

cameras, one of which is image intensified, are mounted on the telescope body (see 

Figure 2.4). During nighttime pointings, positions of detected stars provide accurate 

information on deviations of the telescope from the desired pointing direction. The 

use of these cameras for aspect determination is described in Chapters 3 and 4. 

2.2 Observations 

The city of Alice Springs in Australia's Northern Territory is ideally located 

for balloon-borne observations of the Galactic center region. At its latitude of 24°42' 

S, the Galactic center transits nearly overhead, providing long observations with low 

atmospheric overburden. It is also far from any densely populated area, so that 

balloon flights have little chance of injuring persons or property. 

As part of the NASA's SN1987 A observational campaign, we flew GRJP 

four times from Alice Springs between 1987 May and 1989 April. During two of these 
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TABLE 2.2 

GRJP observations of the Galactic center region. 

Date livetime (hr) Atmospheric Deptha (gjcm2) 

1988 April 12 6.2 6.2 
1989 April 3-4 11.7 6.6 

aTime average value. Includes effect of telescope zenith angle. 

flights, we observed the Galactic center region. Table 2.2 summarizes the Galactic 

center observations. 

During 1988 April, the Galactic center region was observed during a single 

transit. In 1989 April, a long flight ( I"V40 hr) allowed observations to be made during 

two transits. 
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Chapter 3 

GRIP Results, 1988 

Originally appeared in 

The Astrophysical Journal, volume 372, pages L75-L78, 1991 May 10 
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CODED-APERTURE IMAGING OF THE GALACTIC CENTER REGION AT 

GAMMA RAY ENERGIES 

WALTER R. COOK, JOHN M. GRUNSFELD, WILLIAM A. HEINDL, 

DAVID M. PALMER, THOMAS A. PRINCE, 

STEPHEN M. SCHINDLER, AND EDWARD C. STONE 
Division of Physics, Mathematics, and Astronomy, California Institute of 

Technology, M.S. 220-47, Pasadena, CA 91125 

ABSTRACT 

The first coded-aperture images of the Galactic center region at energies above 30 

ke V have revealed two strong 'Y-ray sources. One source has been identified with the 

X-ray source lE 1740.7- 2942, located 0.0 8 away from the nucleus. If this source is 

at the distance of the Galactic center, it is one of the most luminous objects in the 

galaxy at energies from 35 to 200 keV. The second source is consistent in location 

with the X-ray source GX354+0 (MXB1728-34). In addition, 'Y-ray flux from the 

location of GX1 +4 was marginally detected at a level consistent with other post-

1980 measurements. No significant hard X-ray or 'Y-ray flux was detected from the 

direction of the Galactic nucleus (Sgr A*), or from the direction of the recently 

discovered 'Y-ray source GRS1758-258. 

Subject headings: galaxies: The Galaxy gamma rays: general X-rays: sources 

3.1 Introduction 

Observations from Spacelab 2 (Skinner et al. 1987) and Spartan-1 (Kawai 

et al. 1988) between 1 and 30 keV, together with earlier results from the Einstein 

observatory between 0.9 and 4 keV (Watson et al. 1981; Hertz and Grindlay 1984), 

identified several point sources within approximately 1 o of the Galactic nucleus, in­

cluding a point source at the nucleus itself. At higher energies, observations by 

nonimaging instruments with wide fields of view (FWHM > 15°) detected 0.511 MeV 

positron annihilation line radiation and hard continuum emission extending above 
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1 MeV from the general direction of the Galactic center (e.g., Riegler et al. 1981; 

Leventhal et al. 1982; Riegler et al. 1985; and Leventhal et al. 1989) . Both line and 

continuum components were found to vary in intensity on time scales as short as six 

months. The compact source size required by the time variability, and the unusual 

1-ray spectrum, have stimulated considerable speculation on the nature of the source 

of emission. 

In this paper, we report 1-ray flux measurements based on the first coded­

aperture imaging observations of the Galactic center region at 1-ray energies (30 

keV - 7 MeV). The initial report of these observations (Cook et al. 1989) discussed 

the detection of a strong 1-ray source that was tentatively identified as the X-ray 

source 1E 1740.7- 2942 (Hertz and Grindlay 1984), consistent with the Spacelab 2 

observation of this source as dominant in the region at 19-30 keV (Skinner et al. 1987). 

Further analysis of our data confirmed 1E 1740.7-2942 as the source of the primary 

1-ray emission, and in addition revealed a second source, consistent in location with 

the X-ray burst source GX354+0 (Cook et al. 1990). Here we present improved 1-ray 

flux measurements for 1E 1740.7-2942 and GX354+0. 

3.2 Observations 

The observations were performed with the Caltech Gamma-Ray Imaging 

Payload (GRIP), a balloon borne coded-aperture telescope sensitive to photons in the 

energy range from 30 keV to 10 MeV (Althouse et al. 1985). The instrument employs a 

rotating hexagonal-celled uniformly redundant array (HURA) and a position-sensitive 

Nai(Tl) scintillation detector to image a 14° diameter field of view with 1.1 o angular 

resolution. 

The Galactic center region was observed for two 4-hour periods during the 

interval 1988 April 12.62 to 13.00 UT, as part of a 30 hour balloon flight of the 

instrument from Alice Springs, NT, Australia. The data were processed in seven 

segments of somewhat more than one hour each. For each segment a single strong 

point source of 1-ray emission was detected at energies between 35 and 200 keV. 

Data was available from an on-board CCD star camera to determine the absolute 
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position of the source emission in four of the seven observation periods, leading to 

the identification of the strong {-ray source as 1E 1740.7-2942 (Cook et al. 1990). 

The remaining three observation periods occurred during daylight when no stars were 

visible in the CCD camera. 

We used the strong source, identified as 1E 1740.7- 2942 as a pointing refer­

ence to co-align images from all the separate 1 hr segments. This procedure reduced 

possible blurring effects resulting from pointing uncertainties and allowed images from 

all the segments, including the last three which lacked star camera data, to be com­

bined in a search for weaker sources. A second source was detected in the energy 

range from 23 to 122 keV, as shown in Figure 3.1 (where the primary peak has been 

aligned with 1E 1740. 7- 2942). The presence of the second peak, consistent in loca­

tion with the known X-ray source, GX354+0, further supported the identification of 

the primary peak with 1E 1740.7- 2942. 

Flux measurements and upper limits for 1E 1740.7- 2942 and GX354+0, are 

presented in Table 3.1 and Figure 3.2. The flux values were computed as weighted 

averages of values obtained in each of the seven one-hour segments, with weights 

chosen to minimize the statistical error. The use of detailed instrument calibrations, 

including laboratory measurements of photon attenuation in passive instrument ma­

terial, and the angular response of the lead collimator, has improved the accuracy 

of the present measurements, compared with those presented previously (Cook et al. 

1989; Cook et al. 1990). Flux measurements for the Crab Nebula and Pulsar, also 

made during the 1988 April flight, agree with previous measurements (Jung 1989 and 

references therein ) within approximately 10% at energies from 35 keV to 200 keV 

(Cook et al. 1991a). Details on the processing of coded-aperture images to obtain 

source flux measurements are given in Cook et al. 1984, Finger 1987, and Palmer et 

al. 1991 . 

Table 3.1 also includes results for three other sources: the Galactic nucleus 

radio source Sgr A*, the X-ray binary pulsar GX1+4, and the recently discovered 

{-ray source GRS1758-258. 
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3.3 Discussion 

1E 1740.7-2942.- The identification of the strong, central 1-ray source 

{Fig. 3.1) as 1E 1740.7 -2942 {Cook et al. 1990) is consistent with the earlier imaging 

results from Spacelab 2 at energies below 30 keV (Skinner et al. 1987). At energies 

above 30 keV, the recent imaging results from SIGMA confirm our identification of 

1E 1740.7-2942 as the primary hard X-ray source (Mandrou 1990). This source has 

not yet been identified at other than X-ray and 1-ray wavelengths. 

Our spectral results for 1E 1740.7-2942 and the earlier results from Space­

lab 2 (Skinner et al. 1989) are shown together in Figure 3.2. The hard spectrum, which 

distinguished 1E 1740.7- 2942 from other nearby sources viewed by Spacelab 2, is seen 

to continue to approximately 200 keV. In the energy range from 35 to 200 keV the 

spectrum is well fit by a power law, dJjdE = K(E/100 keV) - o:, with spectral index 

a= 2.05 ± 0.15, and flux normalization, K = 8.5 ± 0.5 x 10-5 cm-2 s- 1 kev-1• 

Our results for 1E 1740.7- 2942 may also be compared to earlier nonimaging 

measurements. Our measured spectrum falls near the lower envelope of previous flux 

measurements for the Galactic center region obtained at energies from about 50 keV 

to 1 MeV with nonimaging, wide aperture ( > 10° FWHM) instruments (Matteson 

1982). The higher fluxes obtained with these instruments at energies below 100 keV 

are probably due to the inclusion of other (possibly time-variable) hard X-ray sources 

such as GX354+0 (see below) located within 10° of the Galactic center. Several 

instruments (Dennis et al. 1980; Matteson 1982; Levine et al. 1984; Knight et al. 

1985) with relatively narrow apertures {1.5° to 5° FWHM) have observed a source 

(or sources) near the Galactic center with flux at 100 keV ranging from 0.5 x 10-4 to 

2.0 x 10-4 cm-2 s-1 kev-I, comparable to that shown in Figure 3.2. Our observations 

strongly support the suggestion by Skinner et al. (1987) that 1E 1740.7-2942 was the 

source of the high energy flux seen in these earlier observations . . 

One possibility is that 1E 1740.7-2942 is a system similar to the black hole 

candidate Cyg X-1 with several states of emission, one of which produces the spectrum 

shown in Figure 3.2, and another which yields hard MeV continuum and 0.511 MeV 

emission. Indeed, our measured spectrum for 1E 1740.7- 2942 is similar in absolute 
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intensity and spectral shape to the 13 state of Cyg X-1, as measured by the HEAO 

A-3 experiment in 1979 (Ling et al. 1987). Our measurements for 1E 1740.7-2942 

yield a 35-200 keV luminosity of 2.1 x 1037 ergs s- 1 (at an assumed distance of 

8.5 kpc), comparable to the 50-400 keV luminosity measured for Cyg X-1 in its 13 

state of 2.3 x 1037 ergs s-1 (Ling et al. 1987). Further, the spectrum of Cyg X-1 

in its 1 1 state has similarities to the Galactic center spectrum measured in 1979, 

showing a hard excess of emission above 0.511 MeV with comparable luminosity 

(Lingenfelter and Ramaty 1989). Recently, a time variable hard shoulder of emission 

from lE 1740.7-2942 extending from 250-600 keV, has been reported by Mandrou 

et al. (1990). 

GX354+0.- The X-ray burster GX354+0 is a source of both persistent and 

transient X-ray emissions (e.g., Basinska et al. 1984; Hoffman et al. 1976; Hoffman 

et al. 1977). The X- ray intensity of the persistent source is known to vary by over 

a factor of,....., 5 (Basinska et al. 1984; Forman et al. 1978). The Einstein observatory 

measured the most intense and hot non-burst spectrum to date, and found it to be 

consistent with a thermal bremsstrahlung model having a temperature of kT=17. 7 

keV (Grindlay and Hertz 1981). 

Our flux measurements for GX354+0, averaged over the entire 8 hour obser­

vation, are presented in Table 3.1. Comparison between our data and an extrapolation 

of the 17.7 ke V thermal bremsstrahlung spectrum, measured by the Einstein o bser­

vatory, yields approximate agreement, suggesting that the source may have been near 

its maximum non-burst brightness during our observation. From our data, the best 

fit temperature, with estimated 1 u errors, is kT = 31 ( +23, -10) keV. 

GX1+4.- Observations of the X-ray binary pulsar GX1+4, in the decade 

following its discovery by Lewin, Ricker, and McClintock (1971), showed the source 

to be one of the brightest hard X-ray sources in the Galactic center region, and to 

have an unusually large monotonic spin up rate of approximately 2 percent per year 

(Elsner et al. 1985). In contrast, during the 1980's the source was observed to be 

in a "low" state of emission (Makishima et al. 1988; Manchanda 1988; Sakao et al. 

1990) accompanied by a halt in the rapid spin up of the pulsar. Recent observations 

show the pulsar spinning down (Makishima et al. 1988; Gilfanov et al. 1989; Sunyaev 
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and the GRANAT team 1990). McClintock and Leventhal (1989), have proposed 

GX1+4 as a candidate for the compact source of Galactic center 0.511 MeV emission, 

since this emission may have decreased in approximate correlation with the shift in 

observational properties of GX1 +4. 

While emission from GX1+4 is not apparent in the 22-122 keV image of 

Figure 3.1, a greater than 2cr flux measurement was obtained in the 35-58 keV interval 

as listed in Table 3.1. This flux corresponds to 67 ± 28 mCrab at 50 keV and is in 

agreement with the recent measurements of Mony et al. (1989) and Sharma et al. 

(1990). 

GRS1758-258.- This source was recently discovered by the ART-P and 

SIGMA coded-aperture instruments aboard the GRANAT space observatory (Man­

drou 1990). Our 95% confidence upper limit for the flux in the energy interval from 

35 to 58 keV corresponds to 78 mCrab, and is consistent with the ART-P result of 

90 ± 20 mCrab for 20 to 40 keV. 

0.511 MeV Line and MeV Continuum Upper Limits.- Our 1988 April imag­

ing observations of the Galactic center have yielded no positive detection of either 

0.511 MeV line emission, or continuum emission at higher energies. Table 3.1 lists 

95% confidence flux upper limits for the 0.511 MeV line, and for a broad contin­

uum band from 0.55 to 2.1 MeV, as obtained for 1E 1740.7-2942 Sgr A*, GX1+4, 

GX354+0, and GRS1758-258. 

Sgr A*, the compact Galactic nucleus radio source, and more recently 

1E 17 40.7-2942 and GX1 +4, have been suggested as candidates for the source of the 

variable Galactic center positron annihilation line and hard MeV continuum emission 

(Lingenfelter & Ramaty 1982, Skinner et al. 1987, McClintock & Leventhal 1989) . 

This emission was seen to turn off or decrease between the HEAO 3 observations of 

1979 fall and 1980 spring (Riegler et al. 1985). The flux decrease was most dramatic 

at energies near 1 MeV, where the continuum level dropped by a factor of 20 or more. 

The 0.511 MeV radiation has recently been reported to have turned on again in 1988 

(Leventhal et al. 1989; Gehrels et al. 1990) , then off again by 1989 May (Matteson 

et al. 1989). 

Our 95% confidence flux upper limits for the 0.54 - 2.1 MeV interval range 
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from 1.8 x 10-3 to 5.2 x 10-3 cm-2 s-1, and are all well below the 1979 Fall HEAO 3 

spectrum (Riegler et al. 1985), which, when integrated over the same energy range, 

gives 1.0 ± 0.2 x 10-2 cm-2 s- 1. 

Our 0.511 MeV upper limits may be compared to recent Galactic center 

0.511 MeV line flux measurements made with nonimaging Ge spectrometers during 

1988 May and October (Gehrels et al. 1991), and 1989 May (Matteson et al. 1989). 

These observations yielded values of 7.5± 1.7, 11.8± 1.6, and 6.5± 1.9 x 10-4 cm-2 s-1 

respectively. Our 0.511 MeV upper limits do not conflict with the 1988 May measure­

ment (made only 18 days after our flight), since our limits apply for isolated points 

in our field of view and are relatively immune to the presence of diffuse flux. After 

adjustment for the diffuse 0.511 MeV flux measured by SMM (Share et al. 1988), the 

portion of the May 1988 measurement which might be attributed to a compact source 

is only 2.8 ± 1.7 x 10- 4 cm-2 s- 1(Gehrels et al. 1990). 

In summary, we see no evidence of 0.511 MeV line emission from 

1E 1740.7- 2942 Sgr A*, GX1+4, GX354+0, or GRS1758-258. We also did not ob­

serve a continuum excess in the energy range 250-600 keV like that reported by 

SIGMA (Mandrou et al. 1990) for 1E 1740.7-2942. However, the recent SIGMA ob­

servation provides evidence that transient positron annihilation may be important 

in 1E 1740.7-2942 strengthening the possibility that this was indeed the source of 

narrow positron annihilation radiation seen in observations during the 1970's and late 

1980's. 

We acknowledge the important contributions to the development of the 

GRJP telescope made by W. Althouse, D. Burke, A. Cummings, M. Finger, C. Starr, 

J. Weger and the personnel of the Central Engineering Services at Cal tech. We thank 

the personnel of the National Scientific Balloon Facility and the NASA Wallops Flight 

Facility for their excellent balloon launch support. This work was supported in part 

by NASA grants NGR 05-002-160 and NAGW-1919. 

Note added in proof.- A recent report by Paul et al. (in Proc. Internat. 

Symp. on Gamma-Ray Line Astrophysics, Paris-Saclay, in press [1991]), based on 

SIGMA observations of the 1990 October 13 high-energy flare (250- 600 keV) from 

1E 1740.7- 2942 (Mandrou et al. 1990), strengthens the interpretation of the event as 
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being associated with an electron-positron pair plasma. 
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AN OBSERVATION OF THE GALACTIC CENTER HARD X-RAY SOURCE, 

1E 1740.7-2942, WITH THE CALTECH CODED-APERTURE TELESCOPE 
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DAVID M. PALMER2 , THOMAS A. PRINCE, 

STEPHEN M. SCHINDLER, AND EDWARD C. STONE 
Division of Physics, Mathematics, and Astronomy, California Institute of 

Technology, M.S. 220-47, Pasadena, CA 91125 

ABSTRACT 

The Galactic center region hard X-ray source 1E 1740.7-2942 has been ob­

served with the Caltech Gamma-Ray Imaging Payload (GRIP) from Alice Springs, 

Australia on 1988 April12 and on 1989 April3 and 4. We report here results from the 

1989 measurements based on 14 hours of observation of the Galactic center region. 

The observations showed 1E 1740.7-2942 to be in its normal state, having a spectrum 

between 35 and 200 keV characterized by a power law with an exponent of (2.2 ± 0.3) 

and flux at 100 keV of (7.0 ± 0.7) x 10-5 cm-2 s- 1 keV- 1. No flux was detected above 

200 keV. A search for time variability in the spectrum of 1E 1740.7-2942 on one hour 

time scales showed no evidence for variability. 

Subject headings: black holes galaxies: The Galaxy gamma rays: general 
X-rays: sources 

4.1 Introduction 

The source 1E 1740.7-2942 was discovered in soft X-rays (0.9 to 4 keV) with 

the EINSTEIN observatory in 1979 (Hertz and Grindlay 1984). In 1985, it was again 

observed in soft X-rays by Spartan 1 (Kawai et al. 1988) between 1 and 5 keV. The first 

hard X-ray identification, made using the coded mask telescope (SL2-XRT) on the 

Spacelab 2 mission (Skinner et al. 1987; Skinner et al. 1989), showed 1E 1740.7- 2942 

to be the dominant source within the central few degrees of the galaxy in the 20- 30 

1 Current Address: JSC 
2Current Address: NASA Goddard Space Flight Center, Code 661, Greenbelt, MD 20771 
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keY band. Between 35 and 200 keY, 1E 1740.7-2942 was identified by the Caltech 

balloon-borne coded-aperture instrument, GRlP, in 1988 (Cook et al. 1989; Cook 

et al. 1990; Cook et al. 1991b ). In these observations, 1E 1740.7-2942 was found 

to be the brightest Galactic center hard X-ray source, having a strong power law 

spectrum extending up to 200 keY. GRlP again observed 1E 1740.7-2942 on 1989 

April 3-4 (Grunsfeld et al. 1991). The results of this observation are presented here. 

The Galactic center region has also been observed at hard X-ray energies 

by the balloon-borne telescope EXITE (approximately 1 month after the 1989 GRlP 

observation) (Covault, Manandhar, and Grindlay 1990), the HEXE and TTM instru­

ments on MIR (Skinner et al. 1991), and the ART-P and SIGMA instruments aboard 

the GRANAT spacecraft (Sunyaev et al. 1991a; Sunyaev et al. 1991b; Paul et al. 1991; 

Bouchet et al. 1991). With the exception of a subset of the SIGMA observations (see 

below), all of these instruments found the energy spectrum of 1E 1740.7-2942 to be 

similar to the GRlP 1988 spectrum, defining a 'normal' state of the source. The 

SIGMA observations showed that in addition to this normal state, 1E 1740.7- 2942 

has both a 'hard' and a 'low' emission state (Sunyaev et al. 1991b). 

The 'hard' spectrum (Bouchet et al. 1991) is characterized by the normal 

power law spectrum below 200 keY, but exhibits a rising continuum spectrum above 

200 keY, peaking near 500 keY, and cutting off above 700 keY. This state was seen by 

SIGMA only during an observation on 1990 October 13-14. A probable source of this 

feature is e+e- annihilations in a hot pair plasma (Bouchet et al. 1991). Observations 

by SIGMA on 11 and 15 October 1990 found 1E 1740.7- 2942in its normal emission 

state, indicating that the hard state lasted between 18 and 70 hr. This variability on a 

time scale of a few days or less limits the emission region to a size of a few x 1015cm. 

Although no narrow line annihilation radiation has been reported for this period, 

the fact that the feature is centered near the positron annihilation energy makes 

1E 1740.7-2942 a likely candidate for the compact source of positron annihilation 

radiation near the Galactic center required by the observed time variable 511 keY 

flux (Riegler et al. 1981; Lingenfelter and Ramaty 1989; Gehrels 1991). 

The 'low' emission state of 1E 1740.7- 2942 (Sunyaev et al. 1991b) is char­

acterized by emission in the power law region (30-200 keY) about 20% or less of 
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that observed in the normal state, with no detectable emission above 200 keV. Be­

tween the 1990 October and 1991 February SIGMA Galactic center observations, 

1E 17 40.7-2942 entered this state and apparently remained at a low flux level until 

at least 1991 April (Sunyaev et al. 1991b). It has also been reported (Bazzano et al. 

1992) that the narrow (1°.9 FWHM) field of view (FOV) balloon-borne instrument, 

POKER, detected IE 1740.7-2942 in this low state just 6 weeks after the 1989 GRIP 

observations and 2 weeks after the EXITE observations. 

Observations made with the Very Large Array (VLA) (Prince et al. 1991b) 

have revealed a weak radio source (source 'A') within the 12 arcsec radius X-ray error 

circle for lE 1740.7-2942, as determined by TTM (Skinner et al. 1991). Furthermore, 

a preliminary 5 arcsec radius error circle for lE 1740.7-2942 based on a ROSAThigh 

resolution imager (HRI) observation at 0.1-2 keV includes source 'A' (Prince et al. 

1991a). Recent VLA observations (Mirabel et al. 1992) have found that source 'A' lies 

at the center of an aligned double radio jet. Millimeter wavelength observations have 

recently shown a molecular cloud in line of sight coincidence with 1E 1740.7-2942, 

suggesting a possible association (Bally and Leventhal1991; Mirabel et al. 1991) with 

the resulting possibility that Bondi-Hoyle accretion onto a black hole moving through 

interstellar gas could be the source of the hard X-ray luminosity. 

In this paper, we discuss our 1989 observations of 1E 1740.7-2942 in the 

energy range 30 keV to 7.5 MeV. We present a measurement of the hard X-ray 

spectrum as well as a search for time variability of the spectrum in the power law 

region, 35-200 keV, and the 'bump' region, 300-600 keV. Preliminary results of this 

analysis were presented in Grunsfeld et al. (1991) . 

4.2 Observations 

The observations reported here were performed with the Caltech Gamma­

Ray Imaging Payload (GRIP) , a balloon-borne coded-aperture telescope sensitive to 

photons in the energy range 30 keV to 10 MeV (Althouse et al. 1985). The detector 

system consists of a rotating hexagonal uniformly redundant array (HURA) which 

modulates the sky flux incident on an actively shielded, position-sensitive Nai(Tl) 
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scintillation detector. A lead hexcel collimator (added since Althouse et al. (1985)) 

reduces the contribution of the diffuse aperture flux to the background. For these 

observations, GRIP was configured for 1°.1 angular resolution over a 14° FOV. An 

image-intensified CCD star camera and a second CCD camera for viewing bright 

stars and planets are employed to obtain precise aspect solutions for observations 

made during nighttime hours. During daylight conditions, telescope orientation is 

determined from a set of inclinometers and magnetometers. An on-board altimeter 

and the OMEGA radio navigation system give the physical location of the gondola. 

GRIP observed the Galactic center region for 16.3 hours during a 42 hour 

flight beginning 1989 April 3 from Alice Springs, NT, Australia. Because 

1E 1740.7-2942 may have been obscured by the gondola suspension during the Galac­

tic center transit, 2.3 hours of data have not been used in this analysis. Thus, the 

results from a total observation time on the Galactic center region of 14.0 hours are 

presented here. Approximately half of the observation occurred during the night, 

when precise pointing aspect is determined from the star camera system. Because of 

the failure of a trigger circuit which provides event tags for the decay photons from an 

on-board calibration source, data in the energy range 46 to 71 keV were contaminated 

with 60 ke V 241 Am line photons and have not been used in the analysis. 

4. 3 Analysis 

4.3.1 Aspect Determination 

The two CCD star cameras described above have FOVs which are offset 

from the 1-ray telescope axis. This allows them to provide useful data even when 

the 1-ray telescope points through the balloon. Analysis of images from the two 

cameras determines an axis of the CCD camera platform which is nearly parallel to 

the imaging axis of the 1-ray telescope. The offset between these axes is calibrated 

through in-flight observations of the Crab Nebula and Pulsar and verified through 

observations of Cygnus X-1. For the Galactic center observations, offsets determined 

from the camera system were used in post-flight analysis to correct images for errors in 
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the real-time pointing. The primary source of error in aspect determination using the 

camera system is the statistical uncertainty in the location of the Crab in the 1-ray 

image used to calibrate the camera system offset. The resulting one dimensional rms 

uncertainty in image positions is about 4 arcmin. Any detected source will have an 

additional position uncertainty due to the location statistics of its image peak. 

During daylight hours, when no star camera data were available, the 1-ray 

data were divided into time periods using two approaches. For analysis of the overall 

spectrum, the periods were chosen such that in each period an image source peak 

was detected at a significance of at least 5u in the energy range 35 to 200 keV. The 

source flux was then determined from the image value at the peak location (see §3.2). 

Calculating the flux based on the image value at the peak, rather than at the nominal 

source location, introduces a systematic flux overestimate in these periods of less than 

5%, but is insensitive to residual pointing errors which may be present in the daytime 

data. These periods varied in length between 0.5 and 1. 7 hr. For the time variability 

analyses, where the choice of time periods by measured source peak significance may 

bias the overall measurement, locations were determined from images incorporating 

approximately 2 hr of data. These data were then divided into 0.9-1.3 hr periods, 

and fluxes were calculated at the previously determined source locations. 

4.3.2 Flux Determination 

A detailed treatment of the method by which source fluxes in individual 

energy bins are determined is given in the Appendix. A brief summary of the method 

used is given here. 

Source fluxes are determined using a modification of the trial spectrum 

method described by Fenimore, Klebesadel, and Laros (1983). In this technique, 

a model spectral form is integrated with the instrument response function in order 

to derive a predicted count spectrum. In analysis of data from a coded-aperture in­

strument, the predicted and measured count spectra are replaced by predicted and 

measured "image values." The set of image values is analogous to the count spectrum 

in a non-imaging instrument, but also includes effects due to the imaging properties 
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of the coded-aperture instrument. A goodness of fit parameter (e.g., x2 ) is employed 

to determine which of several trial model spectra best fits the data. The best fit 

model spectrum is then used to derive flux values in individual energy bins. 

In the analyses described here, two input spectral forms were used. The first 

was a standard power law form. The second, which was used to search for emission 

from 1E 1740.7-2942 between 300 and 600 keV, was the Gaussian line profile (mean 

= 480 keV, FWHM = 240 keV) given by Bouchet et al. (1991). 

4.4 Results 

4.4.1 Imaging 

Figure 4.1 shows an image of the Galactic center region for the energy range 

35-200 keV obtained using the 7.4 hr of data for which a complete aspect solution 

was available from the star camera system. 

A single bright hard X-ray source is visible, located 8 arcmin from the expected 

location of 1E 1740.7-2942. Figure 4.2 is an expanded view of the source region, 

showing the 90% confidence error circle for the location of the source. The error 

circle is approximately 24 arcmin in diameter and includes uncertainties arising from 

the aspect determination (cf. §3.1) and source peak location statistics. The error 

circle excludes all other known hard X-ray sources. 

It should be noted that in Figure 4.1, a peak of greater than 2u signifi­

cance appears at the expected location of GRS 1758-258. During these observations 

GRS 1758-258 was well off the collimator axis (14° FWHM) and was therefore ob­

served with reduced sensitivity. Although the peak in Figure 4.1 is too small to pro­

vide a firm detection, a measurement of the flux from the location of GRS 1758-258 

incorporating all 14.0 hr of Galactic center data yields a 3.6u result in the energy 

range 35 to 200 keV. It therefore seems likely that this peak is due to GRS 1758-258. 

Assuming an E-2 power law spectrum (Sunyaev et al. 1991a), the 100 keV source flux 
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for GRS 1758-258 would be (2.6 ± 0.7) x 10-5 cm- 2 s-1 keV- 1 . This value is some­

what lower than the 100 keV flux of ( 4.8 ± 0.3) x 10- 5 cm-2 s- 1 keV- 1 derived from 

SIGMA observations of 1990 March-April and September-October (Sunyaev et al. 

1991a); however, the difference is not surprising given the observed variability of 

GRS 1758-258 (Cordier et al. 1991). 

Also in the FOV during these observations was the burst source GX354+0. 

In 1988, GRIP detected GX354+0 near its maximum nonburst brightness (Cook et al. 

1991b; Cook et al. 1991a), having a flux of approximately 100 mCrab between 35 and 

122 keV. It has recently been seen by SIGMA at a flux level of 75 mCrab (Gilfanov 

et al. 1992). GX354+0 was not detected in the 1989 GRIP observations. Employing 

a fiat input spectrum (a power law with an exponent of zero) yields a 95% confidence 

upper limit to the flux from GX354+0 of 1.8 x 10- 5 cm-2 s- 1 keV-1 (approximately 

10 mCrab) in an energy band from 35 to 122 keV. 

4.4.2 Spectrum 

The photon number spectrum for 1E 1740.7-2942, based on all14.0 hours 

of data (both daytime and nighttime periods) , is shown in Figure 4.3. Above 200 

keV, no significant flux was detected from 1E 1740.7-2942, and upper limits at the 

95% confidence level for energy bands above 200 keV are given in Figure 4.3. A 

flux measurement made in a 90 keV wide energy band centered near 511 keV, with 

a narrow positron annihilation line input spectrum, gives a 95% confidence upper 

limit to the 21 positron annihilation radiation flux from IE 1740.7- 2942 of 3.7 x 

10- 4 cm- 2 s-1 . 

Between 35 and 200 keV, the data .are well fit (cf. Equation A2) by a single 

power law (dJjdE = K(EjlOOkeV)-"Y), with a spectral slope of 1 = 2.2±0.3 and flux 

normalization of K = (7.0 ± 0.7) x 10- 5 cm- 2 s-1 keV- 1 . Parameter errors are defined 

by an increase of 2.3 in x2 , appropriate for a two parameter fit and 68% confidence 

(Lampton, Margon, and Bowyer 1976; Avni 1976). Figure 4.4 shows confidence 

regions for this fit at the x2 m in + 1 and X2 
min+ 2.3 levels. 
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t Caltech 1989 April 

-best fit 

1 Q-5 

1 Q-6 

T 
1 o-; 01 1 Q2 1 Q3 1 Q4 

Energy (keV) 
Figure 4.3: Photon number spectrum of 1E 17 40.7- 2942. Upper limits are at the 
95% confidence level. Also shown is the best fit power-law spectrum [dJ /dE = 

K(E/100 keV) - "Y]: K = (7.0 ± 0.7) x 10- 5 cm- 2 s-1 kev- I, 1 = 2.2 ± 0.3. 
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Figure 4.4: x2 contours for the power-law fit in Fig. 4.3. Contours are at X~in + 1 
and X~in + 2.3, where X~in is the value for the best-fit parameters. These levels 
give 68% confidence regions for one and two parameter fits, respectively. The 
reduced x2 of the two parameter fit is 1.0 for 58 d .o.f. 
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1 E 1740.7-2942 
-~3~ + ~ (35-200 keV) 

~ 2~ ......... +. +t ..... . ·········~···J++ · ....... ~ 
~1r t t t -

I I I I ~~0~~--~~2~0~~~~~~3~0~~~~~4~0~--L-~~~5~0~~~ 

UT (hrs after 1 989 April 3.0 UTC) 
Figure 4.5: Time history of the 35-200 keV luminosity of lE 1740.7-2942, assum­
ing a source distance of 8.5 kpc. The best-fit flux level is indicated by the dashed 
line and has a reduced x2 of 1.61 for 11 d.o.f. 

Figure 4.5 shows the time history of the 35 to 200 keV luminosity, cal­

culated from the integral of the E-2
•
2 power law fit and assuming a source dis­

tance of 8.5 kpc. Fitting the measurements to a single luminosity yields a value 

of (1.7 ± 0.1) x 1037 ergs cm-2 s-1, with a reduced x2 of 1.61 with 11 degrees of 

freedom. The probability of exceeding this x2 is 9%, giving no strong evidence for 

variability on these time scales. 

The sensitivity of GRIP makes it possible to search on hour time scales for 

the presence of a feature such as the 300-600 keV excess observed by SIGMA. The 

95% confidence level upper limits to the flux in the 300-600 keV region are shown in 

Figure 4.6. Variations in the upper limits are due to the time-variable atmospheric 

depth of the observations and statistical fluctuations in the images. Also shown in 

Figure 6 is the combined upper limit from the entire observation and the flux level 

from the SIGMA 1990 October measurement. It is apparent that on hour time scales 

during the GRIP observation, the 300-600 keY excess was not present at the level 

seen by SIGMA. 
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UT (hrs after 1989 April 3.0 UTC) 

Figure 4.6: 95% confidence upper limits to the 300-600 keV luminosity of 
1E 1740.7-2942 as a function of time, assuming a source distance of 8.5 kpc. 
The dashed line is the flux level seen by SIGMA on 1991 October 13-14 (Sun­
yaev et al. 1991b). Integrating the SIGMA "bump" spectrum from Bouchet et al. 
(1991) gives a somewhat higher value for the 300-600 keV luminosity. The dotted 
line shows the overall limit for the entire GRJP observation. 
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4.5 Discussion 

The GRJP 1989 April spectrum for 1E 1740.7-2942 is very similar to those 

measured by GRJP in 1988 April (Cook et al. 1989; Coo!~ et al. 1990; Cook et al. 

1991b), EXITE in 1989 May (Covault, Manandhar, and Grindlay 1990), SIGMA in 

1990 March, April, and September (Sunyaev et al. 1991a; Sunyaev et al. 1991b; Paul 

et al. 1991; Bouchet et al. 1991; Schrnitz-Fraysse et al. 1992), and by HEXE in 1989 

March (Skinner et al. 1991) (see Figure 4.7, discussed below). The consistency of these 

measured spectra in the period 1988-1990 serves to define the 'normal' emission state 

and suggests that this state was predominant over a period of years. No variability 

was reported for 1E 1740.7-2942 prior to the discovery of the hard state by SIGMA. 

Recently, however, Bazzano et al. (1992) reported that on 1989 May 9, just six weeks 

after the GRJP observation, 1E 1740.7-2942 was in the low state. The time scale of 

this variability implies a size of < 4 x 1017 ern for the hard X-ray emission region. 

A stronger limit of < 1017 ern is set using the EXITE observation which occurred 

4 weeks after the GRJP observation. This can be compared with the upper limit 

from the SIGMA observations of a few times 1015 ern for the region responsible for 

the excess hard state emission. Although these limits differ by almost two orders of 

magnitude, they cannot rule out a single region for both the normal and hard state 

emissions. 

The spectra from imaging and narrow FOV ( < 2°) hard X-ray observations 

of 1E 1740.7-2942 prior to 1990 October are shown together in Figure 4.7. The 

close agreement between the normal state measurements, made with several different 

instruments, is notable. The normal state spectrum between 35 and 200 keV is similar 

to the 12 and 13 states of Cygnus X-1 (Ling et al. 1987; Cook et al. 1991b) both in 

spectral shape and total luminosity. Because of these similarities, it is natural to 

speculate that similar processes are at work in both systems. Cygnus X-1 is believed 

to be a stellar mass black hole accreting from its blue supergiant companion. Its 

spectrum has been well fit using a Cornptonized model (Liang and Dermer 1988; 

Sunyaev and Titarchuk 1980). Fitting a Sunyaev and Titarchuk (1980) Cornptonized 
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1Q-7~~~~~~--~~~~~~~~~~--~~~~ 

1 1 0 1 1 Q2 1 Q3 1 0 4 

Energy (keV) 
Figure 4.7: Comparison of 1E 1740.7-2942 imaging and narrow FOV spectra. 
Shown are spectra from all hard X-ray and< 2° FOV observations made prior to 
1990 October (Cook et al. 1991b; Skinner et al. 1991; Skinner et al. 1989; Covault, 
Manandhar, and Grindlay 1990; Bazzano et al. 1992; Bouchet et al. 1991). With 
the exception of Bazzano et al. (1992), all these observations found 1E 1740.7-2942 
to be in its "normal" state. 
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spectrum to the derived fluxes in Figure 4.3 yields an electron temperature of kT 

::::::: 50 keV and an optical depth of 2. Because of the energy range of the GRIP flux 

measurements, these values are not well constrained, although they are consistent 

with those measured by SIGMA (Sunyaev et al. 1991b) and HEXE (Skinner et al. 

1991). 

Although the normal state of 1E 1740.7-2942 appears to have been stable 

on long time scales, it is interesting to ask if this apparent long-term stability of 

the power law continuum might overlie variability on shorter time scales, as seen 

in Cygnus X-1. While the results shown in Figure 4.5 may appear to give some 

indication of variability, they do not strongly contradict a constant flux. We conclude 

that the power law spectrum was relatively stable on hour time scales during the GRIP 

observation. This is in agreement with the HEXE result (Skinner et al. 1991), which 

reported no variability in 1E 1740.7-2942 on time scales from minutes to months. 

An intriguing observational question concerning the Galactic center region 

is the nature of the time variable positron annihilation radiation seen there. The first 

evidence of variability came from observations made with the HEA 0-3 satellite, which 

showed a significant decrease in 511 keV emission from the Galactic center region 

between the fall of 1979 and spring of 1980 (Riegler et al. 1985; Riegler et al. 1981). 

Between 1988 May and October, the GRlS balloon-borne germanium spectrometer 

detected an increase in 511 keV line radiation, finding fluxes inconsistent with a 

constant value at the 95% confidence level (Gehrels et al. 1991). A measurement 

with another balloon-borne germanium spectrometer, the UCSD /France instrument 

HEXAGONE, in 1989 May (Chapuis et al. 1991), only 7 weeks after the GRIP flight, 

showed the line flux to again have decreased to a level consistent with known diffuse 

Galactic plane emission (Gehrels 1991). The SIGMA 'bump' emission, which is likely 

the result of e+e- annihilations in a hot pair plasma (Bouchet et al. 1991), seems 

to be another signature of the action of positrons, this time from a definite source: 

1E 1740.7-2942. In fact, such direct evidence of the presence of positrons associated 

with 1E 1740.7-2942 makes it a very strong candidate for the variable 511 keV source. 

However, the lack of narrow line emission prevents a positive identification. Thus, 

the identification of the 511 keV source awaits an imaging experiment to detect the 
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direct annihilation photons. 

The GRlP 95% confidence upper limit of 3.7 x 10-4 cm-2 s-1 for 511 keV line 

flux from 1E 1740.7-2942 is significantly lower than the limit of 6.8 x 10-4 cm-2 s-1 

obtained by GRlP for 1E 1740.7-2942 in 1988 (Cook et al. 1991b). Gehrels (1991) 

derived a compact source strength of (3.9 ± 2. 7) x 10-4 em - 2 s-1 from the HEXA­

GONE measurement by subtracting a contribution based on a model of the dif­

fuse Galactic plane 511 keV emission having a flat distribution and a strength of 

1.2 x 10-3cm-2s-1rad-1 . This is in agreement with the GRlP upper limit, and both 

measurements are below the level of (7.8 ± 1.6) x 10-4 cm-2 s-1 derived for the GRlS 

1988 October measurement Gehrels (1991). Therefore, if 1E 1740.7-2942 were the 

compact source of annihilation photons seen by GRIS, it subsequently entered a low 

or off state. 

We acknowledge the important contributions to the development of the 

GRlP telescope made by W. Althouse, D. Burke, A. Cummings, M. Fing.er, C. Starr, 

J. Weger, and the personnel of the Central Engineering Services at Caltech. We thank 

the personnel of the National Scientific Balloon Facility and the NASA Wallops Flight 

Facility for their excellent balloon launch support. This work was supported in part 

by NASA grant NAGW-1919. W. Heindl is supported under the NASA GSRP, NGT-

50804. 

4.6 Appendix: Source Flux Determination 

In X-ray and gamma-ray astronomy it is desirable to give the detector count 

spectrum as well as the deconvolved source flux spectrum. The former gives a model 

independent representation, but can have a strong instrumental signature. The latter 

gives a model dependent estimate of the actual source spectrum, removing to a large 

extent the instrumental signature by taking into account the instrument response 

matrix. In the case of GRlP, it is not possible to give a simple instrument count 

spectrum, because parameters such as line of sight atmospheric depth and collimator 

transmission for a given source direction vary over the duration of an observation. 

Therefore we give source flux values for individual energy bins which are as model 
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independent as possible. 

In an instrument with perfect energy resolution (i.e., a source photon of 

energy E is always detected with energy E, or equivalently, the instrument response 

matrix is diagonal), the determination of the photon flux in a given energy bin is 

independent of the true spectral shape of the source. Because only photons with 

energies in a particular bin contribute to that bin, the source flux may be directly 

determined from the count spectrum and the (diagonal) detector response matrix. 

However, for an instrument with finite energy resolution, the nature of the 

source spectrum affects the determination of fluxes through the off-diagonal terms in 

the response matrix. For example, for a source with a steep spectrum, photons with 

energies below a given energy bin may contribute significantly to the counting rate 

in that bin. At the same time, photons with energies within that bin will be lost to 

nearby bins. Therefore, in order to account for these effects, the determination of 

fluxes in individual energy bins must make some assumption about the true nature 

of the source spectrum. Because our aim is to produce a model independent flux 

spectrum, it is desirable that these assumptions have a minimal effect on the derived 

fluxes. Our approach is to employ the best fit spectral shape, as determined from 

the full set of energy bins, to the derivation of fluxes in individual energy bins. We 

then verify that varying the assumed spectral shape has only a small effect on the 

resultant flux values. When no positive flux is detected in a given energy bin, a fiat 

spectrum (i.e., a power law with a spectral index of 0) is assumed for the purpose of 

setting upper limits. 

As mentioned in §3.2., the source flux values are estimated using a forward 

convolution method. The data are first divided into time periods over which variations 

in parameters such as atmospheric depth and source attenuation due to the collimator 

are small. For each period, an image is produced for each energy bin of interest. These 

images, derived from disjoint data sets, are statistically independent. 

The image values at the source location in the individual images are desig­

nated ian, where a denotes the time period and n the energy bin. A spectral class, 

dJ /dE( 1/J, E), with N adjustable parameters, 1/J = ( '1/Jo, 1/h, ... ), is then chosen as a set 

of model spectra. As applied here, one of the parameters is an overall normalization, 
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while the others (e.g., the spectral index in a power law) determine the spectral shape. 

The parameters, 1/J, are varied over a physically reasonable range, with each 

set of values corresponding to a separate model spectrum. To determine x2 for a 

given model, the model spectrum is integrated with the instrument response func­

tion, Ran(E), appropriate for each time period and energy bin. The response func­

tion includes the time-dependent effects of varying atmospheric depth and collimator 

attenuation, as well as energy-dependent effects such as attenuation in passive in­

strument material, the energy resolution and position resolution of the detector, and 

the overall imaging properties of the instrument. This integration produces a set of 

predicted image values, Zan( 1/J ), corresponding to the measured image values ian· 

~ roo dJ 
ian( 1/J) = Jo dE ( 1/J, E)Ran(E)dE; (4.1) 

x2 is then given by 

( 4.2) 

where CTan is the standard deviation in the measured image value and depends only 

on the energy bin, n, and the number of events contributing to the image. Because al­

most all GRIP observations are background dominated with a large number of events 

contributing to each image, CTan is model independent, and may be determined from 

the measured number of counts contributing to the image. The model parameters 

which minimize x2define the best fit spectral shape and are denoted 1/J*, with '1/Jo as 

the overall normalization. 

Once a spectral shape has been determined, the source fluxes in individual 

energy bins may be determined. This is done by integrating the best fit spectral 

shape, employing unit normalization ( '1/Jo = 1 ), with the instrument response function 

to get a second set of predicted image values, Zan('l/J*; '1/Jo = 1). The flux normalization 

in a given energy bin for a specific time period is then: 

Kan = ~ (,J,*.,f,* -1)' Zan 't' ' 'f/0 -

with the statistical uncertainty in Kan given by: 

(TI<an = ~ (,.J,*.,.f,* -1)• Zan 't' ' 'f/0 -

( 4.3) 

( 4.4) 
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A weighted average of the /'i,an over the time periods, a, then gives the flux normal­

ization for the energy bin n: 

( 4.5) 

The flux, Fn(En), is then given by: 

( 4.6) 

where En is the mean energy in bin n. 

It is through relation ( 4.6) that the fluxes derived for individual energy bins 

depend on the chosen spectral shape, and thus on the data in all energy bins and 

time periods used in the determination of x2
• However, it is the case for GRIP that 

the fluxes derived in this fashion are relatively insensitive to changes in the input 

spectrum, and these systematic errors are small compared to the statistical errors. 

For the case of 1E 1740.7-2942, varying the spectral index between 0 and 4 resulted 

in changes in the derived fluxes of less than 12%. 

In order to search for time variability, the average in equation ( 4.5) is taken 

over energy bins rather than time periods. This method provides a measurement of 

the flux normalization for each time period. The product of this normalization and 

the spectral shape ( cf. eq. [4.6])) is then integrated over energy to determine integral 

fluxes. 



59 

Chapter 5 

ROSAT and VLA Observations 

To appear in 

The Astrophysical Journal, August 1, 1994 
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ABSTRACT 
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We have observed the Galactic black hole candidate 1E 1740.7- 2942 in X-rays with 

both the ROSAT HRI and PSPC and at 1.5 and 4.9 GHz with the VLA. From 

the HRI observation we derive a position for 1E 1740.7-2942 of Right Ascension 

= 17h43m54"'.9, Declination = -29°44'45".3 (J2000), with a 90% confidence error 

circle of radius 8".5. Thermal bremsstrahlung fits to the PSPC data yield a column 

density of 1.12~5:~~ x 1023 cm-2
, consistent with earlier X- ray measurements. The 

VLA observation at 4.9 GHz revealed two sources. Source 'A', which is the core of 

a double aligned radio jet source (Mirabel et al. 1992), lies within the ROSAT error 

circle, further confirming its identification with 1E 1740.7-2942. 

Subject headings: Black Holes - X-Rays: sources- Radio Sources: Identifi­
cations 

5.1 Introduction 

Since 1985, observations in the hard X- ray and soft 1-ray energy bands 

have shown 1E 1740.7-2942 to be the dominant source in the central few degrees 

of the Galactic center region (Skinner et al. 1987; Cook et al. 1991b). This fact 

and the observation by SIGMA (Bouchet et al. 1991) of a transient hard excess 

in the spectrum suggestive of positron annihilation motivated a campaign of multi­

wavelength observations aimed at discovering the nature of this unusual source. The 

search for counterparts has been carried out at radio (Prince et al. 1991b; Mirabel 

et al. 1992; Gray, Cram, and Ekers 1992; Mirabel et al. 1993), millimeter (Mirabel 

et al. 1991; Bally and Leventhal 1991), infrared (Prince et al. 1991b; Mirabel and 

1 Current address: NASA Johnson Space Center, Code CB, Houston, TX 77058. 
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Due 1992; Djorgovski, Thompson, and Mazzarella 1992), and optical (Skinner et al. 

1991; Mereghetti et al. 1992; Leahy, Langill, and Kwok 1992; Bignami, Caraveo, 

and Mereghetti 1993) wavelengths. The radio observations have shown that the 

compact central core of a double radio jet lies within the X-ray error circle, and 

the millimeter observations reveal a line of sight alignment with a dense molecular 

cloud. If this molecular cloud is associated with IE 1740.7- 2942, it might provide a 

source of material for accretion as well as a medium for the slowing and annihilation 

of positrons present in the radio jets (Mirabel et al. 1991). It is therefore important 

to determine whether 1E 1740.7-2942 lies within the molecular cloud. The X-ray 

spectrum is a sensitive diagnostic of the source column depth, N H, and so can shed 

light on the relationship of 1E 1740.7- 2942 and the molecular cloud. Knowledge 

of the column depth is also important to the interpretation of optical and infrared 

data, as the level of extinction limits the sensitivity of counterpart searches at these 

wavelengths. 

We report here the results of observations of 1E 1740.7- 2942 at X-ray wave­

lengths using the high resolution imager (HRI) and position sensitive proportional 

counter (PSPC) on ROSAT and at 1.5 GHz and 4.9 GHz using the Very Large Array 

(VLA) in Socorro, New Mexico. Preliminary results of the HRI and VLA observations 

have been reported in Prince et al. (1991a) and Prince et al. (1991b) respectively. 

5.2 Observations 

The HRI observation was performed during the period 1991 March 20 - 24. 

It incorporates 11 observation intervals of between 850 and 2500 s duration for a total 

live time of 19900 s. While 1E 1740.7-2942 apparently remained in its normal state 

throughout 1990, observations by SIGMA (Mandrou et al. 1993) in 1991 February 

and March showed that 1E 1740.7- 2942 entered a low state (hard X-ray luminosity 

of,....., 0.25 of normal) prior to our HRI observation. 

The PSPC observation was split over two observing periods - the first be­

tween 1992 September 28 and October 4 (hereafter PSPC-I) and the second between 

1993 March 23 and 28 (hereafter PSPC-II). PSPC-I encompassed 12 observation in-
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tervals for a totallivetime of I5I60 s, and PSPC-II comprised 7 observation intervals 

with a totallivetime of I3070 s. SIGMA observations prior to PSPC-I and spanning 

PSPC-II give an indication of the likely state of IE I740. 7-2942 during the ROSAT 

paintings. In I992 September, IE I740. 7- 2942 was seen to be in its normal state. By 

I993 March it entered the "sub-luminous" state ( Churazov et al. I993b) described by 

Cordier et al. (I993c). 

We observed the region of the EinsteiniPC IE I740.7-2942error circle (see 

Figure 5.2) with the VLA on I989 March 2. The observations were made at 1.5 and 

4.9 GHz for a duration of 4.5 hr each. The array was in the A/B configuration which 

provides a good point spread function for southern sources (Bridle I986). 

5.3 Analysis and Results 

5.3.1 HRI Error Circle 

The HRI observation revealed three sources near the center of the field of 

view (FOV) (see Figures 5.5 and 5.I). Only source "I" is consistent in location with 

previous error circles for IE I740. 7-2942 (Hertz and Grindlay I984; Skinner et al. 

I987; Kawai et al. I988; Skinner et al. I99I). In order to derive an HRI error circle, 

we applied corrections to the nominal image coordinates based on the HRI boresight 

offsets of Kiirster and Hasinger (1992), who give errors in the HRI positions of 23 

sources with known accurate locations. Using their data and discarding two sources 

with anomalously large errors, we found the average offsets for the remaining 21 

sources. We then plotted the integral distribution of radial offsets in order to estimate 

the 90% confidence radius for any detected source. These boresight corrections domi­

nate the final position uncertainty, resulting in a 90% confidence error circle of radius 

8".5. The best fit coordinates (epoch J2000.0) to source "1" ( = IE 1740.7-2942), 

are: Right Ascension= I7h43m548 .9 and Declination = - 29°44'45".3. 
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Figure 5.1: Diagram of the ROSAT HRl image of the 1E 1740.7- 2942 field ob­
tained during 1991 March 20 - 24. The actual image appears in Figure 5.5. Three 
sources were detected near the center of the field. Only source "1" is consistent 
with previous X-ray error circles for 1E 1740.7-2942. North is up and east is to 

the left. 
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Figure 5.2: X-ray and hard X- ray error circles for 1E 1740.7-2942. Also shown 
are the positions of the VLA sources 'A' and 'B'. Offsets are relative to the HRI 
X- ray position: R.A. = 17h43m548 .9, Dec. = -29°44'45".3 (J2000). References: 
Einstein, (Hertz and Grindlay 1984); Spacelab 2, (Skinner et al. 1987); SIGMA, 
(Cordier et al. 1993c); Spartan-1 , (Kawai et al. 1988); TTM, (Skinner et al. 1991). 

64 



65 

5.3.2 Spectrum 

We analyzed the PSPC observations assuming both power law and thermal 

bremsstrahlung models. Model parameters were estimated using the likelihood ra­

tio method (Cash 1979). PSPC-I and PSPC-11 were treated individually and also 

summed to form a single measurement. Table 5.1 summarizes the results of the spec­

tral fits . Because the nominal PSPC energy range extends only to 2.5 keV, the data 

do not place an upper bound on the source temperature, and no physical constraints 

on a power law index are obtained. Under the bremsstrahlung model, however, only 

a relatively narrow range of column densities are allowed for temperatures between 

0.1 and 100 keV. In addition, models with temperatures below rv0.5 keV resulted 

in significantly worse fits than temperatures above rv1 keV. For these reasons, the 

thermal bremsstrahlung column densities and fluxes in Table 5.1 were calculated as­

suming kT = 14.3 keV, while the column densities for the power law model assumed 

a photon index of 2, both corresponding to the best fit values from the Spartan-

1 measurement (Kawai et al. 1988). As a check on our spectral fits, we used the 

instrument response and spectral modeling software contained in the ROSAT Mis­

sion Information and Planning System (MIPS) to predict count rates for the best fit 

column depth and normalization, based on the thermal bremsstrahlung spectra in 

Table 5.1. The predicted rates were statistically consistent with the measured values. 

Figure 5.3 shows the measured source count spectrum together with a folded ther­

mal bremsstrahlung spectrum (kT = 14.3 keV, NH = 1.12 x 1023 cm- 2). We note 

that images produced from the pulse invariant energy channels > 256 (the limit of 

the current PSPC response matrix) show significant counts from 1E 1740.7- 2942 and 

should provide improved fits when the response matrix is extended. 

5.3.3 Other Sources 

In addition to the HRI sources "2" and "3", several sources were detected 

in the PSPC. Figure 5.6 shows the central region of the PSPC image for the en­

tire observation including both PSPC-I and PSPC-II. lE 1740.7- 2942 and the well­

known source A1742-294 ( = 1E 1742.9-2929) (van Paradijs 1993) are labeled by name. 
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8x1Q-4 r-,-----r----r----~--~----~----~--~----~----r---~ 

6x 1 Q-4 1E 1740.7-2942 

4x 1 o-4 

2x 1 o-4 

0 

-2x1 Q-4 

2 
Energy (keV) 

Figure 5.3: Background subtracted PSPC count spectrum of 1E 1740.7- 2942 with 
folded thermal bremsstrahlung model. The model parameters are kT = 14.3 keV, 
NH = 1.12 x 1023 cm-2• 



A1742-294 5 
___.,.0 

j 
0 

1E 1740.7-2942 

5' 

Figure 5.4: Diagram of the central region of the summed PSPC-1/II image. The 
actual image appears in Figure 5.6. Sources "2" and "3" are the same as in the HRI. 
Among other detected sources are the well-known X-ray source A1742-294 (van 
Paradijs 1993), a transient, "4", which appeared during a single 1400 s observation 

interval, and a source near the edge of the FOV, "5" . The circle and diagonal lines 
indicate PSPC window supports. North is up and east is to the left. 
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TABLE 5.2 

Coordinates (J2000) of the HRI and PSPC sources. 

Source Right Ascension Declination R9: (") 

1E 1740.7-2942 17h43m548 .9 -29°44'4511.3 8.5 
"2" 17h44m178 .7 -29°39'45".3 8.5 
"3" 17h44m2P.5 -29°47'17".4 8.5 
"4" 17h44m15s.4 -29°40'14".2 10 
"5" 17h42m168 .3 -29°15'08".6 rv60 

Sources "2" and "3" are the HRI sources. Source "4", located only rv40" from "2", is 

a transient which appeared only during a single observation interval lasting 1400 s. 

The small feature in the HRI image southwest of source "2" may also be due to this 

transient source. Table 5.2 gives coordinates for 1E 1740.7-2942 and "2," "3,", and 

"4" as well as 90% confidence error radii. The positions of "2" and "3" were deter­

mined in the same fashion as for 1E 1740.7-2942. The position of "4" was estimated 

from its offset from "2" in the PSPC image and the position of "5" was estimated from 

the PSPC image alone. We fit the spectrum of source "2" in order to cross check 

our spectral analysis technique for 1E 1740.7-2942. We find kT = 0.77:!:8:~~ keV, 

Nn = 4.7:!:U x 1021cm-2 and photon index 1 = 3.7:!:i:~ and Nn = 6.4:!:~:g x 1021cm-2 

for thermal bremsstrahlung and power law models respectively. Both results are in 

good agreement with fits obtained using the XANADU /XSPEC (Shafer et al. 1990) 

package. 

5.3.4 VLA Images 

As reported in Prince et al. (1991b), two weak sources, 'A' and 'B', were de­

tected in the Einstein/IPC error circle (see Figure 5.2) . Only 'A' (R.A. = 17h43m54s. 75, 

Dec. = -29°44'42".7, epoch J2000.0) is consistent with the more recent X-ray error 

circles from HEXE/TTM (Skinner et al. 1991) and ROSAT. It has a flux of"' 0.4mJy 

at 4.9 GHz and is undetected at 1.5 GHz. Source 'B' (R.A. = 17h43m548 .16, Dec. 

= -29°44'42".0, J2000), which lies outside of the new error circles, has a flux of 

"' 0.25 mJy at 4.9 GHz and 1.5 mJy at 1.5 GHz and is possibly extended. As part 
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of their program of VLA monitoring of 1E 1740.7-2942, Mirabel et al. (1993) have 

analyzed the archival VLA data from these observations and presented coordinates 

and fluxes for 'A' and 'B' consistent with those given here. 

5.4 Discussion 

5.4.1 Association of the X-ray and Radio Sources 

In Prince et al. (1991b ), we suggested that the pointlike nature of 'A' at 

4.9 GHz and the possible diffuse nature of 'B' made 'A' the more likely counterpart 

to 1E 1740.7- 2942. Shown in Figure 5.2 is the current X-ray error circle together 

with those from earlier measurements and the positions of 'A' and 'B'. As was the 

case with the TTM error circle (Skinner et al. 1991), the location of 'A' is consistent 

with that of the X- ray source while 'B' lies outside of the error circle. Since our 

observations, Mirabel et al. (1992) have observed 1E 1740.7-2942 with the VLA in 

the C configuration which has increased sensitivity to low surface brightness objects. 

They found that source 'A' is compact, time variable, and located at the center 

of double radio jets, the brighter of which is source 'B'. They also estimated the 

probability that a random extragalactic source with a flux density of 0.4 mJy would 

fall in the 12" TTM error circle to be 0.3% . The new ROSAT error circle is half as 

large and so bolsters the association by reducing the probability of a chance alignment 

by a further factor of two. The positional coincidence of the two sources together with 

correlated variability in the radio source and the hard X- rays from 1E 1740.7- 2942 

(Mirabel et al. 1992) make a strong case for the association. 

5.4.2 Association with the Molecular Cloud 

The column depth to 1E 1740.7- 2942 has previously been measured by 

Spartan-1 (Kawai et al. 1988), ART-P and SIGMA on GRANAT (Sunyaev et al. 

1991a), and TTM/HEXE on MIR (Skinner et al. 1991). Of these, the energy range 

of Spartan-1 (1 - 5 keV) was most appropriate, because it spans the X-ray cutoff 
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region. In 1985, Spartan-1 found column depths of NH = 1.45:8:~~ x 1023cm-2 and 

1.61:8:~~ x 1023cm-2 assuming thermal bremsstrahlung and power law spectra respec­

tively. The results from the other instruments ranged from NH,....., 0.4 x 1023cm-2 to 

> 3 x 1023cm-2 with model dependent variations of up to a factor of ,....., 10 (Chen, 

Gehrels, and Leventhal 1993; Kawai et al. 1988; Skinner et al. 1991; Sunyaev et al. 

1991a), indicating that the higher energy ranges of these measurements were insuf­

ficient to accurately fit the turnover in the spectrum. Our value from the combined 

1992 fall and 1993 spring observations of N H = 1.12:ij:f~ x 1023 cm-2 is consistent 

with the Spartan-1 result. Also, the individual observations are consistent with each 

other, offering no indication of variability in the column depth over the long ( rv6 yr) 

period spanning the observations. 

The idea that 1E 17 40. 7-2942lies within the dense molecular cloud observed 

by Bally and Leventhal (1991) and Mirabel et al. (1991) is based on circumstantial 

and theoretical evidence. Given the line of sight alignment, the association depends 

on both objects being at the same distance. The normal state hard X- ray luminosity 

of 1E 1740.7-2942 is similar to that of Cyg X-1, under the assumption that it lies at 

the distance (8.5 kpc) of the Galactic center. Furthermore, the cloud's Doppler shift 

and velocity width are consistent with a location near the Galactic center. These 

facts, taken with the observed alignment, are suggestive of an association, but are by 

no means conclusive. The column depth to 1E 1740.7-2942 is rv2-3 times greater 

than that to the Galactic center (see above), indicating that 1E 1740.7-2942 is either 

absorbed at the source or lies behind additional material - possibly the molecular 

cloud. Our measurement is consistent with this picture, but does not favor it. Sub­

tracting a Galactic center column depth of 7 x 1022 cm-2 , corresponding to A.., = 30 

mag (Gorenstein 1975; Rieke and Lebofsky 1985), from a range of (1- 2) x 1023 cm-2 

leaves an additional column of (0 .3 - 1.3) x 1023 cm-2 . An analysis by Churazov 

et al. (1993a), based on residual Compton scattering of hard X-rays from the mole­

cular cloud (under the assumption that 1E 1740.7- 2942 lies within the cloud) after 

a transition to the low state, sets a limit on the column depth due to the cloud of 

NH < 1.6 x 1023 cm-2 . This is consistent with the excess column calculated above, 
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but is only an upper limit and so does not require that 1E 1740.7-2942 be located 

within the cloud. 

From a theoretical standpoint, 1E 1740. 7- 2942's presence in the molecular 

cloud is attractive because it provides a plausible explanation for several phenom­

ena. First, it could supply the extra column depth required by some measurements. 

Second, the cloud is a suitable medium for the slowing of energetic pairs present in 

the radio jets. The positrons, upon stopping, may rapidly annihilate in the relatively 

dense gas of the cloud, producing narrow 511 keV radiation (Bally and Leventhal 

1991). Finally, it is possible that the cloud itself could be the source of matter which 

powers the hard X-ray luminosity (Bally and Leventhal 1991). 

Because of the possibility that material not associated with the cloud might 

intervene between the source and the observer, the column depth alone cannot deter­

mine whether 1E 1740.7-2942lies within the cloud. However, Bally and Leventhal 

(1991) estimate from the 12CO emission that the total column depth along the line of 

sight in a 1'.5 region around the radio source is rv 6 x 1023cm- 2 (NH
2 

rv 3 x 1023cm-2). 

The higher resolution maps ofHCQ+ from Mirabel et al. (1991) suggest that this value 

should be reasonably representative of the column depth to 1E 1740.7-2942 from 

which we conclude that 1E 1740.7-2942 is unlikely to be an extragalactic source. If 

it were, it would be obscured by this entire column and would exhibit much higher 

absorption of the X- ray spectrum than is observed. Although the column depth is 

very uncertain, only ~ 3 x 1023cm-2 is required to contradict the X-ray measure­

ments. This strengthens the probabilistic argument that two such strong 1-ray emit­

ters ( 1E 1740.7-2942 and GRS 1758-258), each associated with the core of a double 

radio jet source, are unlikely to be located near the center of the Galaxy and yet be 

extragalactic. If, however, the CO measurement significantly overestimates the col­

umn depth (due, for example, to density variations or the location of 1E 1740.7- 2942 

significantly away from the peak emission) it is still possible that 1E 1740. 7-2942lies 

behind the cloud. 
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5.4.3 Comparison with the Hard X-ray State 

As mentioned in section 5.2, each of our ROSAT observations was preceded 

or spanned by hard X-ray observations from SIGMA (Cordier, Paul, and Hameury 

1993; Mandrou et al. 1993; Churazov et al. 1993b ). Although none of these observa­

tions was simultaneous with the ROSAT pointings, it is still interesting to look for 

correlations between the X- ray and hard X-ray fluxes. In order to compare the X-ray 

state during the HRI observation to that from the PSPC and SIGMA observations, 

we used MIPS to fold an absorbed thermal bremsstrahlung spectrum (kT = 14.3 keV, 

NH = 1.12 x 1023 cm- 2, F x = 1.5 x 10-10 ergs cm-2 s-1) through the HRl response. 

This model predicts only 13 counts for the 1990 observation, rv1/3 the rv40 detected, 

suggesting that the X-ray luminosity was significantly greater than during the PSPC 

observations. 

Table 5.1lists 2- 10 keV luminosities estimated for the PSPC by integrating 

a 14.3 keV bremsstrahlung spectrum and for the HRI by scaling from the MIPS 

predicted count rate. Source states determined from the nearest SIGMA observations 

are also given. Large uncertainties in the estimated luminosities prevent any strong 

statement regarding correlations between the X - rays and hard X -rays. However, the 

HRl and PSPC-I pointings are suggestive that the X- rays and hard X-rays are not 

strongly correlated. The high luminosity observed in the HRI coincided with the low 

state observed by SIGMA throughout 1991. PSPC-I also showed a relatively high 

X-ray flux, but 1E 1740.7- 2942 was most likely in the normal state. The lowest 

observed luminosity was during PSPC-11, when 1E 1740.7-2942 was in the moderate 

luminosity sub-luminous hard X- ray state. 

5.5 Conclusions 

We have presented new measurements ofthe location and X-ray spectrum of 

1E 1740.7-2942. The location of the compact core of the aligned radio jets reported 

by Mirabel et al. (1992) lies within the new error circle, strengthening the association 

of these objects. The column depth is consistent with the best previous measure-
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ments. The new measurements cannot confirm the association of 1E 1740.7-2942 

with a dense molecular cloud observed at millimeter wavelengths. They do, however, 

support arguments that 1E 1740.7- 2942 must be a Galactic source and is not simply 

a background galaxy. A comparison of the X-ray luminosity to the hard X-ray state 

shows no evidence for a correlation between the fluxes in these two bands. 
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Figure 5.5: Grayscale representation of the ROSAT HRl image of lE 1740.7-2942. 
Sources are labeled as in Figure 5.1. North is up and east is to the left. 
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Figure 5.6: Grayscale image of the center of the PSPC field of view. Sources are 

labeled as in Figure 5.4. North is up and east is to the left. 
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Chapter 6 

Recent -r-Ray Observations: 

Spectral States of lE 17 40.7-2942 

6.1 Recent Observations 

Since the NASA balloon campaign of 1989 April-May from Alice Springs, 

NT, Australia (see Chapter 4), the only imaging or narrow FOV observations of the 

region at hard X-ray and soft 1-ray energies have been made by the SIGMA and 

ART-P coded-aperture telescopes on the GRANAT spacecraft (e.g., Cordier et al. 

(1993a)) and with coarser resolution at lower sensitivity by BATSE on the CGRO 

(see §8.2.3) (Zhang et al. 1993a). Since its launch in 1989 December, GRANAT has 

made long observations during February-April and August-October of each year. 

These observing windows are set by spacecraft pointing constraints. Long term mon­

itoring has enabled the GRANAT team to make in depth studies of the spectrum and 

temporal behavior of 1E 1740.7-2942. As of 1993 December, a total of five distinct 

spectral states have been cataloged as well as variability on time scales from days to 

months (Cordier et al. 1993a; Cordier et al. 1993c; Churazov et al. 1993a). In this 

chapter, I discuss these states and the 1E 1740.7- 2942 flux history. 
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6.2 The States of lE 1740.7-2942 

In Chapter 4, I described three states of 1E 1740.7-2942. These were the 

"normal," "hard," and "low" states. The 30 to 200 keV spectrum of all these states 

varies only in luminosity and not spectral shape, which is always well fit by a Comp­

tonized spectrum with an electron temperature kTe ~ 35 ke V and an optical depth 

T ~ 2. In the normal state, the 100 keV flux is "'1 x 10-4 cm- 2 s- 1 keV-1. The low 

state luminosity is "'20% or less of the normal state. The hard state has 30- 200 ke V 

flux similar to the normal state, but is set apart by strong emission between 200 and 

600 ke V possibly due to e+ e- annihilations in a hot plasma. In addition to these 

states, the SIGMA observations have now led to the identification of two new states 

- a "low-hard" state (Churazov et al. 1993c) and a "sub-luminous" state (Cordier 

et al. 1993c) (see table 6.1). 

In the low-hard state, the 30- 200 keV flux was similar to the low state, but, 

emission was once again seen at energies above 200 keV. The strength of the hard 

excess was, however, much lower than in the hard state. This state was relatively 

short-lived ( "'10- 20 days), observed only during 1991 October 1 - 19, following ob­

servations of the low state during 1991 August 30- September 25. Again, the 30-200 

ke V spectral shape was similar to that of the normal and low states. 

The sub-luminous state appears identical to the normal state, but with 40-

150 keV luminosity a factor of "'2.4 lower (Cordier et al. 1993c). While the low state 

luminosity is only "'20% or less of the normal state, often falling below the SIGMA 

det ection limit, the sub-luminous state was consistently detected by SIGMA during 

1992 February 17 - April 9 with no evidence of day to day variations apart from a 

possible slow, monotonic rise in flux. 

In §4.1, the high state was described as a transient phenomena seen in only 

a single SIGMA observation. Since Chapter 4 appeared in The A strophysical Journal 

(Heindl et al. 1993), a second high state outburst has been reported by Cordier et al. 

(1993b) . During a 20 hr pointing on 1992 September 19 - 20, SIGMA det ected 

enhanced emission between 200 and "'500 keV, consistent in shape with the 1990 

October outburst. The hard X- ray flux between 30 and 200 keV was at the normal 
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TABLE 6.1 

The states of 1E 1740.7-2942. 
State Approximate Luminosity ( x 1037 ergs s l)a 

SIGMA Two-com ponentb 30- 200 keV 300- 600 keV 
Normal Comptonized 2 < 0.6 
Sub-luminous Comptonized 0.8 < 0.6 
Low Comptonized ;S 0.3 < 0.8 
Hard hard-excess 2 2-4 
Low-Hard hard-excess 0.4 1 

a Assuming a distance of 8.5 kpc 
6 Classification according to two component source model {§6.3). 

state level and was unchanged from measurements made during the week before and 

2 days after the outburst. While the shape of the the hard excess was similar to 

the 1990 event, its flux was lower by about a factor of 2. Table 6.1 summarizes the 

observed states of 1E 1740.7-2942. Figure 6.1, from Churazov et al. {1993a), shows 

the 5 states of 1E 1740.7-2942 as observed by SIGMA and Figure 6.2 shows the 

light curve in the 40-150 ke V band, with the various emission states indicated at the 

bottom. 

6.3 Discussion 

1E 1740.7-2942 was first suggested as a black hole candidate because of the 

similarity of its normal state spectrum to the 12 and 13 states of Cyg X-1 (Cook 

et al. 1991b; Sunyaev et al. 1991b), which is one of the best candidates for a high­

mass Galactic black hole binary system. Not only are the spectra both well fit by a 

Comptonized spectrum with an electron temperature kTe :=:::!50 keV and optical depth 

T :=:::! 2; the hard X-ray luminosities are also very similar, assuming 1E 1740.7-2942 

lies at the distance of the Galactic center. This sort of spectrum is not typical of 

neutron stars. Figure 6.3 shows the GRIP 1988 1E 1740.7-2942 spectrum plotted 

with the best fit Comptonized spectrum from the HEA0-3 Cyg X-1 observations from 

1979 November (Ling et al. 1987), scaled to a distance of 8.5 kpc. The similarity is 



+ 1E1740.7-2942 
+ • 

100 1000 

Energy, keV 

Figure 6.1: From Churazov et al. (1993a). Spectral states of 1E 1740.7-2942 
as measured by SIGMA. The various states (multiplied by constant factors for 
clarity) are: "F90" - hard; "90" - normal; "S91" - low; "F91" - low-hard; and 

"892" - sub-luminous. 
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remarkable, suggesting that the two sources have similar natures. 

Both sources have also shown emission above the cutoff in their nominal 

Comptonized spectra. Because of this excess hard emission, the hard and low-hard 

states can be compared to the 11 state of Cyg X-1 which shows hard emission up to 

""2 MeV. Although the 1E 1740.7-2942 hard bump has only been seen to extend to 

""600 keV, both phenomena could still be due to e+e- annihilations with different 

plasma temperatures. Based on HEA0-3 observations of the region in 1979 and 

1980, it has been suggested that 1E 1740.7-2942 may also be a variable source of 

MeV continuum emission (Cook et al. 1991b; Laurent and Paul 1994). Because 

of time variability and the duty cycle and sensitivity of high energy observations, 

it is plausible that such emission has been missed. In particular, an MeV excess 

with similar luminosity to the Cyg X-11'1 state would not be detectable by SIGMA 

(Churazov et al. 1993c). 

Although 1E 1740.7- 2942 and Cyg X-1 are similar in several ways, there are 

also significant differences. For example, the transitions between the Cyg X-1 states 

are marked by a pivoting of the spectrum near 400 keV, with the hard emission 

appearing at the expense of the softer flux (Ling et al. 1987). No such behavior is 

seen in 1E 1740.7- 2942, where the 30- 200 keV emission appears unaffected by the 

presence of a hard excess. Also, Cyg X-1 is not associated with the core of a radio 

jet source. The presence of such differences should be kept in mind when comparing 

1E 1740.7-2942 to Cyg X-1. 

As is the case for Cyg X-1, a two component source model is currently 

the most generally discussed picture for 1E 1740.7- 2942 (Liang and Dermer 1988; 

Bouchet et al. 1991; Sunyaev et al. 1991b). In this model, the < 200 keV emission 

is produced by Comptonization of soft photons by a hot accretion disk, while t he 

hard emission results from e+ e- annihilations in a hot plasma surrounding a central 

black hole. This picture suggests that the five spectral states of 1E 1740.7-2942 

discussed above may result from independent variations of the two components, rather 

than changes in the nature of the emission mechanism. In fact, in all five observed 

states, the 30-200 keV spectral shape of 1E 1740.7- 2942 is essentially unchanged. 

There appear to be only two distinct spectral shapes in the soft 1-ray energy band-
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1 E1740.7-2942 

1 o-4 

1 o-5 

0 CALTECH 1988 April 

1 Q-6 - Cyg X-1 73 state 

1 Q2 1 Q3 1 Q4 

Energy (keV) 

Figure 6.3: The GRIP 1988 spectrum of 1E 1740.7- 2942 compared to t he /3 state 
of Cyg X-1 (Ling et al. 1987) scaled to 8.5 kpc. The spectral fit is a comptonized 

spectrum with electron temperature, kTe = 49.3 keV and optical depth, r = 2.54. 
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one with emission above 200 keV, the other without. The other spectral variations 

are consistent with changes in luminosity below and above 200 keV. Because of the 

spectral similarity between the normal, sub-luminous, and low states, and the < 
200 keV emission of hard and low-hard states, it seems likely that they are the result 

of the same physical process occurring at various luminosities. 

Because the hard and low-hard states differ from the other states only at en­

ergies above 200 keV, their high energy emission is probably caused by an additional, 

transient phenomena (such as the formation of a pair plasma). The appearance of 

the hard excess at different flux levels while the Comptonized flux was at the normal 

level suggests that the two phenomena may be produced independently. The vari­

ation of the hard emission between the low and low-hard states can be interpreted 

similarly. Thus, the hard flux and the < 200 keV emission might result from two sep­

arate source components. This fits naturally into a two component emission model, 

such as that described above. In this case, the five spectral states are more simply 

categorized in a two state system based on the presence of significant emission above 

200 keV. Thus, the low, subluminous, and normal states form one group, while the 

low-hard and hard states form the second. I will refer to these more basic states as 

the "Comptonized" and the "hard-excess" states, respectively. If the 1E 1740.7-2942 

emission is the result of two components which vary somewhat independently, then 

this classification more clearly represents the source nature. 

The 1E 1740.7-2942light curve (Figure 6.2) shows no obvious periodicities. 

It is marked by relatively stable periods in the Comptonized state with brief interrup­

tions by the hard-excess state. The luminosity of the Comptonized state varies from 

peak to minimum on 6 month or shorter times, while the minimum to peak transitions 

are more gradual. For example, the simplest interpretation of the fall 1991 through 

fall1992 fluxes is that the Comptonized state luminosity gradually increased by a fac­

tor of ""'5, with the hard-excess state appearing briefly during 1991 fall. The spring 

1993 measurements actually seem to show a more rapid, but still smooth, ramping 

up of flux. In the two component scheme, this variation is interpreted as a contin­

uous luminosity variation of the Comptonized disk component caused, for example, 

by a variable accretion rate. Because of the more rapid variability of the hard-excess 
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component, it is likely produced closer to the compact object than the Comptonized 

component. This is the case in the Cyg X-1 model of Liang and Dermer (1988), where 

the hard excess is produced by a hot pair plasma surrounding a central, stellar-mass 

black hole. 
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Chapter 7 

Optical and Infrared Observations 

Is 1E 17 40.7-2942 in a binary system? There is currently no strong, direct 

evidence to show that it is. However, its high energy luminosity is almost certainly 

the result of accretion onto a compact object, and Bondi-Hoyle accretion from the 

molecular cloud seems an unlikely source of material, as a rather low relative velocity 

("' 10 km s- 1
) is required to allow a sufficient mass accretion rate (Mirabel et al. 

1991; Campana and Mereghetti 1993). In addition, its X-ray and 1-ray emission 

are very similar to Cyg X-1 (see Chapter 4) which is accreting from its 09.7Iab star 

companion (Ninkov, Walker, and Yang 1987). Finally, an accretion disk may be 

necessary to provide collimation for the radio jets, and binary accretion is a natural 

cause of such a disk. These facts are very suggestive that 1E 1740.7- 2942 resides in 

a binary system. 

Detection of a stellar companion to 1E 1740.7-2942 could provide a wealth 

of new information about its nature. At the most basic level, the type of the compan­

ion would show whether this is a high or low mass system. If a bright companion were 

discovered, Doppler shifts in its spectrum could reveal an orbit, and thus place a limit 

on the mass of the X-ray source. Other attributes of the spectrum might provide fur­

ther insight into the X- ray emission. Unfortunately, the location of lE 1740.7- 2942 

near the Galactic center - a highly obscured region of the sky - makes chances for 

the detection of any but the brightest of companions remote and the prospects for 

spectroscopy even worse. 
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TABLE 7.1 

Limiting magnitudes for companions in optical and infraredwavebands. 

Band Magnitude Telescope Date References 
I 21 ESO NTT 10 May 1991 Mereghetti et al. (1992) 

21 CFHT 4 June 1991 Leahy et al. (1992) 
K 17 Hale 5m 21 July 1992 Djorgovsky et al. (1992) 

17 ESO 2.2m 16, 17 June 1992 Mirabel and Due (1992) 
ur 13* Hale 5m 21 July 1992 Djorgovsky et al. (1992) 

Several groups have observed the region surrounding 1E 1740.7-2942 atop­

tical and infrared wavelengths (Prince et al. 1991b; Skinner et al. 1991; Leahy, Langill, 

and Kwok 1992; Mereghetti et al. 1992; Djorgovski, Thompson, and Mazzarella 1992; 

Mirabel and Due 1992) . Although several stars appear in the X- ray error circle, 

none is consistent with the position of the radio source, which has sub-arcsecond 

accuracy. Nevertheless, the lack of detections provides important constraints on the 

nature of any companion. Table 7.1 summarizes the observations and current limits 

on companions in the I, K, and L' bands. 

Using these magnitude limits, Chen, Gehrels, and Leventhal (1993) have 

calculated allowed regions in the H-R diagram for possible companions. For values 

of the optical extinction, Av, of 25 and 100, corresponding to column depths of 

5 x 1022cm-2 and 2 x 1023cm-2 respectively, they find that, for spectral types later 

than 0, the companion can be no brighter than a giant star of 9 M0 . The optical/IR 

limits cannot exclude an 09.7 star as in Cyg X-1; however, such a star located within 

the molecular cloud, would create an HII region with a .A6 em flux more than 100 

times that of the radio companion to 1E 1740.7- 2942. This constrains a companion 

to later than B2 in the molecular cloud model (Mirabel et al. 1991). 

While these constraints are useful for constructing models of 1E 1740.7- 2942, 

a wide range of possible companions still exists-including no companion at all. 
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Chapter 8 

Conclusions 

8.1 Summary of Past Observations 

Through observations made at {-ray, X-ray, and radio wavelengths, im­

portant information has been gained about one of the most luminous hard X-ray 

sources in our Galaxy. These studies have measured the position, X-ray and 1-ray 

spectra, and time variability of 1E 1740.7-2942. The most basic results are contribu­

tions made to the identification of 1E 17 40.7-2942 as a 1-ray and radio source. The 

discovery that 1E 1740.7-2942, lying rv50' from the Galactic center, is a strong high 

energy emitter is in itself important, because it makes unlikely the theory that Sgr A* 

was the bright source of hard radiation seen by early instruments. This interpretation 

of the early observations was favored by those who expected to find a massive black 

hole at the Galactic nucleus. The radio identification provides an accurate source 

position for searches at other wavelengths such as optical, infrared, and millimeter. 

The GRJP and ROSAT observations provided not only positional, but spec­

tral information useful for the interpretation of the source's nature as well. The two 

GRJP observations helped to define the normal state of 1E 1740.7-2942 and set in­

teresting limits on the variability of the flux on hour time scales. In addition, limits 

on the strength of the hard state bump and narrow 511 keV emission were set . The 

ROSAT PSPC observation gave new information on the column depth which is im­

portant for source models and the interpretation of optical and infrared observations. 



Secure 

Probable 

Plausible 

TABLE 8.1 

Properties of the X- ray source 1E 1740.7- 2942 

Property Chapter(s) 

• Association with hard X-ray source 3 
• Association with core of radio jet source 5 
• Association with 200-600 keV outburst source 4,6 
• Celestial coordinates ( ,S 1") 5 
• Hard X-ray variability on day to month time scales 4,6 
• 30-200 ke V spectrum well fit by Comptonized model 3, 4 
• Column depth: NH:::::::: 1 x 1023cm-2 5 

• Source of e+ e-pairs 
• Galactic source 
• Binary system 

• Association with molecular cloud 
• Source of narrow 511 keV annihilation radiation 
• Stellar mass black hole 

4, 6 
5 
4,7 

5 
4, 6 
3,4, 6 
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Although extensive (especially at soft 1-ray energies) multiwavelength ob­

servations over the last 5 years have shown that the X- ray source 1E 1740.7-2942 is 

a powerful hard X- ray and 1-ray source, that it may be a source of positron anni­

hilation radiation, that it is a compact radio source at the core of a pair of aligned 

radio jets, and that it may lie within a dense molecular cloud, the nature of the com­

pact object in 1E 1740.7-2942 remains undetermined. This may well remain the case 

for some time to come. Since there is no identified optical or infrared counterpart, 

the most reliable black hole diagnostic - a mass determination - is unavailable. 

In addition, the prospects for identifying a companion are poor, given the hydrogen 

column density of NH :::::::: 1 x 1023 cm- 2 , corresponding to an optical extinction of rv45 

mag (Gorenstein 1975). Some properties of 1E 1740.7- 2942 are listed in Table 8.1 

according to the degree to which they are well known. Some properties are quite well 

determined, others seem likely, but are not confirmed, and others are merely plausible 

given the current observations. 
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8.2 Future Observations 

An important source of information will soon be lost when the hard X-ray 

monitoring by SIGMA comes to an end a!:mg with the GRANAT spacecraft lifetime 

this spring. However the prospects for new observations are still promising. Two new 

instruments, GRIP-2 and ASCA, as well as BATSE should provide further insights 

into 1E 1740.7-2942. In addition, monitoring continues at the VLA. 

8.2.1 GRIP-2 

Since the 1989 balloon flight (see Chapter 4), I have worked with the rest 

of the GRIP team on the design and construction of a detector system to replace 

the Nai camera plates and plastic shields in the GRIP gondola (Figure 2.1). The 

telescope with its new detector is called GRIP-2. The new mask/detector system 

(shown in Figure 8.1) is optimized for a lower energy range than GRIP (between 

30 and 500 keV), but has significant response up to 2 MeV. With a useful area 

about four times as large as GRIP, GRIP-2 has much better sensitivity over its 

optimized energy range. It also has a factor of rv2 better angular resolution. Weight 

reductions achieved through the elimination of the plastic shield along with other 

structural modifications to the gondola allow GRIP-2 to fly on a larger balloon which 

reaches higher altitudes. This further improves sensitivity at low energies where the 

atmosphere is a significant absorber of X- rays. The increased sensitivity will allow 

GRIP-2 to achieve source detections much more quickly, determine spectra more 

precisely for a given observation time, and perform variability studies on shorter time 

scales than GRIP. 

These improvements make GRIP-2 a powerful instrument for the study of 

1E 1740.7-2942. In particular, GRIP-2 will make high significance spectral measure­

ments, search for variability of the 30-200 keV spectrum on hour and shorter time 

scales, and be able to rapidly detect the > 200 ke V emission from the hard state. 

GRIP-2 made its first flight in 1993 September from Fort Sumner, New Mexico, USA. 

During a 40 hr flight, the Galactic center region was observed for rv5 hr. Analysis 
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Figure 8.1: Diagram of the GRIP-2 detector system. A new, large area phoswich 
detector with an integrated Csi(Na) shield has replaced the GRIP primary Nal 
camera plate, the rear shield, and the bulky plastic shield (see Figure 2.1) . The new 

detector is optimized for observations at and below the 511 ke V e + e- annihilation 

line. 
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of the data from this flight is underway. However, because of the declination of the 

Galactic center, it is best observed from the southern hemisphere where it transits 

high in the sky and therefore suffers less atmospheric absorption. For this reason, 

the data from this flight will not fully show GR1P-2's capabilities for the study of 

1E 1740.7- 2942. 

GRIP-2 will make optimized observations of 1E 17 40.7-2942 during a flight 

from Alice Springs planned for 1995. Based on preflight sensitivity predictions, GRlP-

2 will be able to detect the normal state of 1E 1740.7- 2942 with ;:., 70 a significance 

during a single transit ( rv8 hr ). This will allow for spectral measurements with un­

precedented precision on time scales far shorter than those required by SIGMA. One 

hour of observation will detect 1E 1740.7-2942 at nearly 30 a significance, so vari­

ability studies can be made with shorter time scales and higher precision than those 

described in Chapter 4. These studies may reveal accretion variability or perhaps 

orbital modulation which has as yet been undetectable. Finally, GRlP-2 will be ca­

pable of detecting the hard state bump at the 3 a level in rv10 minutes, which could 

improve the current limits on the size of the emitting region. 

8.2.2 ASCA 

The Japanese/ American X-ray telescope ASCA, which was launched in 1993 

February, has high spectral and time resolution and good sensitivity between 0.5 and 

12 keV. It is ideal for new observations of 1E 1740.7-2942, because optimized mea­

surements have not been made in this energy band. ASCA will accurately measure the 

column depth, which is still uncertain (see Chapter 5), and the ~ 12 keV spectrum. 

The spectrum in this range is important, as it may show whether 1E 1740.7- 2942 

exhibits an ultra-soft spectrum and rapid variability ("flickering") similar to other 

black hole candidates (e.g., Cyg X-1, LMC X-3, and LMC X-1) . This energy band 

also covers the iron Kline near 7 keV which has been seen weakly in Cyg X-1 (Mar­

shall et al. 1993) and blue-shifted in SS433 (Watson et al. 1986), another black hole 

candidate which produces radio jets. The properties of the iron line are important 

diagnostics of the emitting region. ASCA has already observed IE 1740.7- 2942 in 
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fall 1993, during the instrument performance verification phase. Results from this 

observation have not been published at this time. If multiple observations are made, 

they would provide an X-ray light curve like SIGMA has done in the hard X-rays. 

Variability of the spectrum in this energy range could also reveal additional similar­

ities to Cyg X-1 which shows both a high X-ray state with an ultrasoft (thermal) 

spectrum and a low state well fit by a simple power law with a photon index of"' 1. 7 

(Tanaka 1989). 

8.2.3 BATSE 

The Burst And Transient Source Experiment (BATSE) on the CGRO is a 

powerful instrument for monitoring strong hard X-ray sources. Through earth occul­

tation analysis, BATSE is capable of deriving both images and spectra in the hard 

X-ray band (Harmon et al. 1993; Zhang et al. 1993a). BATSE has already imaged 

the Galactic center and detected 1E 1740.7-2942 during several 50 day integration 

periods (Zhang et al. 1993b). While its one.week detection sensitivity of "'50 mCrab 

is much higher than the "'15 mCrab achieved by SIGMA, BATSE, with its 411' sr 

FOV, has the advantage of observing the Galactic center region with 1 o resolution 

year round. It is therefore especially useful for monitoring the long term variability 

and normal hard X-ray state as well as searching for outbursts of 1E 1740.7-2942. 

8.2.4 VLA 

Finally, monitoring observations are continuing at the VLA. If 1E 1740.7-2942 

is Galactic, it is possible that motion of the radio jets will be detected, which would 

provide new information on their size and properties. These observations could also 

verify the correlation between the radio and hard X-ray emission. 

While the nature of 1E 1740.7-2942 remains a mystery, there are good 

prospects for new and revealing observations of this enigmatic source. 
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