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ABSTRACT

High energy gamma ray astronomy has evolved with the space age.

Nonexistent twenty-five years ago, there is now a general sketch

of the gamma ray sky which should develop into a detailed picture

with the results expected to be forthcoming over the next decade.

The galactic plane is the dominant feature of the gamma ray sky,

the longitudinal and latitudinal distribution being generally cor-

related with galactic structural features including the spiral arms.
Two molecular clouds have already been seen. Two of the three

strongest gamma ray sources are pulsars. The Vela pulsar, PSR

0833-45, exhibits two pulses in the gamma ray region, as opposed
to one in the radio region, neither of them in phase with the radio

pulse. The other of the strongest gamma ray sources is that at

L -- 195, b -- + 5); it had no obvious counterpart at other wave-

lengths when it was found and correlation at other wavelengths is

still uncertain. The highly variable X-ray source Cygnus X-3 was

seen at one time, but not another in the 100 MeV region, and it

has also been observed at very high energies (_1011 eV). Beyond
our galaxy, there is seen a diffuse radiation, whose origin remains

uncertain, as well as at least one quasar, 3C 273. Looking to the

future, the satellite opportunities for high energy gamma ray astron-

omy in the near term are the GAMMA-I planned to be launched

in late 1987 and the Gamma Ray Observatory, scheduled for launch

in 1990. The Gamma Ray Observatory will carry a total of four

instruments covering the entire energy range from 3 x 10 4 eV to
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3 x 101° eV with over an order of magnitude increase in sensitivity

relative to previous satellite instruments. On the ground, there is

the possibility of much more sensitive measurements above 10n eV

than exist now. In the more distant future, the NASA Space Sta-

tion should provide opportunities to fly quite large gamma ray in-

struments which might be refurbished or reconfigured in space.

1. INTRODUCTION

Gamma ray astronomy is truly a recent, space age addition to the field of

astronomy. When Frank McDonald joined Goddard Space Flight Center in

1959, gamma ray astronomy consisted largely of theoretical papers describ-

ing its important scientific potential. Motivated in part by these articles, which

were in some cases quantitatively rather optimistic about intensities, scien-

tists began to develop instruments to detect celestial gamma rays first to be

flown on high altitude balloons and later satellites. At the moment, the prom-

ised rich potential of gamma ray astronomy is beginning to be realized in the

exploration of several aspects of astrophysics, and, if the missions planned
for the next several years come into being, their results, in combination with

those from other frequency ranges of astronomy, will almost certainly pro-

vide us with new concepts of the evolution and nature of the universe.

What the theorists realized approximately three decades ago was that, as the

energies of the individual gamma ray photons suggest, gamma ray astronomy
relates very directly to the most energetic processes in the universe ranging

from the scale of individual particle acceleration and interaction through the

formative processes in the galaxy and stellar explosions, to the largest ensembles

imaginable. The nucleonic galactic cosmic rays reveal themselves through the

high energy gamma rays emitted by the 7r° mesons which are formed in nuclear

interactions between cosmic rays and interstellar matter throughout the galaxy.

High energy cosmic ray electrons reveal themselves through interactions with

matter and photons. The region around a black hole is predicted to emit

characteristic gamma rays, and the death of a black hole should reveal itself

with the emission of a very specific type of high energy gamma ray burst.
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Matter-antimatterannihilationproducesanothercharacteristictypeof gam-
marayspectrum.Neutronstarpulsarshavealreadybeenseenin thegamma
ray frequency,ashasat leastonequasar.

In additionto its valuein relationto the physicalprocessesof theuniverse
to whichit speaks,gammarayastronomyhastheveryattractivefeaturethat
theuniverseis largelytransparentto gammarays.Theycanreachthesolar
systemfromthegalacticcenter,distantpartsof theuniverse,anddenseregions
nearthecentersof activegalaxies--regionswhichcannotbeviewedin the
opticalor lowenergyX-rayregion,since,incontrastto opticalphotonswhich
penetrateeasilythroughthe Earth'satmosphere,onlythe total amountof
matterand not its form is relevantfor gammaray interactions.A specific
illustrationof thepenetratingpowerof thisradiationisthefollowing.A high
energygammaray passingthroughthediameterof thecentralplaneof the
galacticdiskhasaboutaonepercentchanceof interactingfor atypicalpath.
Bycontrast,anopticalphotoncanonlypenetrateaboutone-tenththedistance
from thegalacticcenterto the Earth in thecentralplaneof the disk. This
remarkablewindowextendsfrom afewtimes10 7 eV, below which it begins

to close slowly as the energy decreases so that as the X-ray region is reached

the center of the galaxy is quite opaque, to 1015 eV, at which point there

begins a one to two decade region in energy wherein gamma ray interactions

with the blackbody radiation are important.

In spite of its importance, gamma ray astronomy is the last major wavelength

range to yield its wealth of information. This relatively late development is

the result of a combination of factors including the need to place gamma ray

telescopes above the Earth's atmosphere, the requirement to develop rather

complex instruments, and the relatively low intensity of gamma ray photons

particularly in relation to the charged particle cosmic ray intensity. It is worth

noting that even though the photon intensity is low, the energy emitted in

the gamma ray range may be, and in several cases is, quite high because each

photon carries a large energy, and the gamma ray frequency range is very
broad.

The first certain detection of high energy celestial gamma rays was made with

the gamma ray telescope flown on the third Orbiting Solar Observatory
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(OSO-3)byClark,Garmire,andKrqushaar[1968],whoobservedgammarays
with energiesabove0.5 × 108eVfrom thegalacticdisk,with apeakinten-
sity towardthegalacticcenter.Thegalacticcenteremissionwasconfirmed,
anditsnarrowwidthmeasuredwitha largeballoon-bornegammaraytelescope
flown in 1969[KniffenandFichtel,1970].About thissametime,therewere
severalreportsof ahighenergypulsedflux from theCrabin phasewith the
radio pulsar [Browning,Ramsden,and Wright, 1971;Albats et al., 1972;
Parlieretal., 1973;McBreenetal., 1973;HelmkenandHoffman, 1973;and
Kinzer,Share,andSeeman,1973],aswellasthefirst hintsof veryhighenergy
(--1012 eV) gamma rays [Grindlay, 1972; Fazio et al., 1972].

On November 15, 1972, a gamma ray telescope with approximately 12 times

the sensitivity of the OSO-3 instrument and angular resolution of one to two

degrees was launched on the second Small Astronomy Satellite (SAS-2). This

instrument provided results which led to a much better picture of the high

energy (E>35 MeV) gamma ray sky including fair detail on the galactic plane

[e.g., Fichtel et al., 1975; Bignami et al., 1979] and energy spectral and isotropy

measurements on the diffuse extragalactic high energy gamma radiation [Fichtel

et al., 1977]. Another gamma ray instrument (E>50 MeV) with approximately

equal sensitivity and angular resolution carried by the Cosmic Ray Satellite

(COS-B), was launched on August 8, 1975, and provided information which

further expanded our knowledge [e.g., Mayer-Hasselwander et al., 1980 and

1982], including the first detection of a quasar in gamma rays. These data
were supplemented in the medium energy range by instruments carried on

high altitude balloons [e.g., Agrinier et al., 1981; Graser and Schonfelder,
1982; and Bertsch and Kniffen, 1983].

These data showed the rich character of the galactic plane diffuse emission

with its potential for the study of the forces of change in the galaxy, the study

of the origin and expansion of the cosmic ray gas and the study of the galac-

tic structure. When examined in detail the longitudinal and latitudinal distribu-

tion appear generally correlated with galactic structural features, including

spiral arm segments. Two molecular clouds have already been seen. With the

observations of discrete sources, some of which are associated with super-
novae and pulsars and others apparently not correlated with radiation at other

wavelengths, point-source gamma ray astronomy has also begun. The Crab

nebula exhibits both continuum and double-pulsed radiation with both pulses
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inphasewith theradiopulsar,PSR0531 + 21. The Vela pulsar, PSR 0833 - 45,

on the other hand has two pulses in the gamma ray region, as opposed to

one in the radio region, neither of them in phase with the radio pulse [Thomp-

son et al., 1975 and 1977a; Bennett et al., 1977; and Kanbach et al., 1980].
One of the two strongest gamma ray sources (1 = 195, b = + 5) yet observed

[Thompson et al., 1977b; Swanenburg et al., 1981] had no obvious counter-

part at other wavelengths at the time of its discovery by SAS-2. The highly

variable X-ray source Cygnum X-3 was seen by SAS-2 [Lamb et al., 1977],
but not COS-B.

In the very high energy (> 1011 eV) region of the gamma ray spectrum,

ground-based Cherenkov light reflector telescopes have evidence now of gam-

ma ray emission not only from the Crab Pulsar PSR 0531 + 21, but also from

the Vela Pulsar PSR 0833-45, Cygnus X-3, Centaurus-A, and possibly other

sources. [For a summary, see, for example, Grindlay, 1982 or Weekes, 1983.]

The implications with regard to the sources of these extremely energetic photons

are obviously impressive.

In this paper, the current status of galactic extragalactic gamma ray astronomy

will be summarized. Subjects of the lower end of the gamma ray spectrum

which are covered elsewhere in this book, namely gamma ray spectroscopy

and bursts, will not be emphasized. Finally, a short description of forthcom-

ing gamma ray missions will be presented including the envisioned scientific

significance of the data they should obtain.

2. GALACTIC GAMMA RADIATION

As noted in the introduction, the gamma ray sky is dominated by radiation

from the galactic plane, which is generally assumed to be the sum of diffuse

radiation and unresolved point sources. The diffuse radiation was well an-

ticipated. As early as 1952, Hayakawa [1952] noted the effect of meson-

producing nuclear interactions between cosmic rays and interstellar gas. In

the same year Hutchinson [1952] discussed the production of bremsstrahlung
radiation by cosmic rays. Even earlier, Feenberg and Primakoff [1948] ex-

amined the astrophysics significance of the Compton effect in regard to cosmic

ray electrons. The study of the diffuse radiation and its implications for our
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galaxyis complicatedby the fact that the point sourcecontributionfor the
mostpartappearsdiffuseto thehighenergygammaraysatelliteinstruments
that haveflown thusfar becausetheangularresolutionof theseinstruments
for individualphotonshasbeenonlyoneto a fewdegrees,orpoorer,depend-
ing onenergy.It is difficult to estimatethepoint sourcecontributionsince
solittle isknownaboutthemwith only afewhavingbeenclearlyidentified.
Severalfactors,however,suggestthat pointsourcesmaynotbeamajorcon-
tributor [e.g.,Cesarsky,1980].Theseincludethe uniformity of theenergy
spectrumof the observedgalacticradiationovertheplaneandits distribu-
tion beingaboutwhat is expectedfrom cosmicray interactions.Eventhe
earliestSAS-2galacticgammaray results[Kniffen et al., 1973]showedthe
generalcorrelationof thegammaradiationwithgalacticstructure,andsubse-
quentworkhasshownit in greaterdetail,evenquantitativelyaswill beshown
in this section.Thisdiffusegammaradiationof cosmicray origin will now
bediscussedfollowedby a summaryof thecurrentstatusof theknowledge
of point sources.

A. CosmicRay Interactionswith GalacticMatter and Photons

Of theproductsformedin cosmicraynucleoninteractionswith matter,the
onesof mostimmediateinterestto highenergygammaraysarethemesons,
andamongthesearethemostcommonlyproducedones,namelythea-mesons.
Manyof theothermesonsand hyperonsalsodecayrapidly into _-mesons.
Thecharged7rmesonsdecayintoneutrinosandelectronsaddingto thecosmic
rayelectronsalreadypresentwhichalsointeractto producegammarays.The
7r° mesons,however,decayinto two gammarayswhichhaveequalenergy
in therestframe.With acollectionof 7r°'sof variousenergies,agammaray
energyspectrumresultswithamaximumatapproximately68MeVandacurve
which is symmetricwhenplotted as a function of In E.r The spectrum
predicted for cosmic ray interactions with interstellar matter has nearly this

shape being primarily slightly broader due to the minor components. For a

further discussion of this interaction process and the ones about to be discussed,

see Fichtel and Trombka [1981] and the references therein.

As the high energy cosmic ray electron primaries and secondaries interact with

galactic matter, they produce gamma rays through bremsstrahlung. These gam-

ma rays have a spectrum which reflects that of the electrons being approx-
imately a power law.
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Cosmicrayelectronsalsointeract with starlight photons, for which both the

optical and infrared ranges are important, and with the blackbody radiation

to produce Compton gamma rays. The source functions of these interactions

are very much smaller in the galactic plane in the vicinity of the solar system.

The total contribution to the galactic gamma radiation, however, is not com-

pletely negligible because the cosmic ray and stellar photon scale heights above

the galactic plane are much greater than those of the matter and, of course,

the blackbody photon density is uniform. Hence, the integral intensity along

a line of sight is closer to that of the bremsstrahlung than the source func-
tions would imply.

As an example of the spectrum which results from these three interaction pro-

cesses, the calculated energy spectrum of the galactic gamma radiation for
a region near the galactic center taken from the work of Fichtel and Kniffen

[1984] is shown in Figure 1 and compared to data. The spectral shape elsewhere

in the galactic plane is nearly the same with only minor variations resulting

from small differences in the relative number of secondary electrons and the

relative contribution of the Compton electrons. The agreement between theory

and observation on the shape of the spectrum adds to the factors mentioned
earlier for there at least being good reasons for believing that the majority

of the measured apparently diffuse radiation is probably the result of cosmic

ray interactions.

1. Large Scale Diffuse Galactic Features

High energy gamma rays provide us the best known opportunity to deter-

mine the cosmic ray density distribution in the galaxy in general, in terms

of spiral arms, and in association with molecular clouds. Thereby, they can

ultimately contribute to our understanding of the dynamical effects in our
galaxy in an important way. However, it is first necessary to have a good

understanding of the galactic matter distribution, which at present is not as

well-defined as one would like. It is, therefore, worth reviewing this subject

to locate wherein the primary difficulty lies, since, as will be seen, it is an

important factor in the current uncertainty in the large scale cosmic ray den-

sity distribution.
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Figure 1. Energy spectrum of the galactic gamma radiation for a region near

the galactic center. The calculated spectra are based on the work of Fichtel

and Kniffen [1984]. The dot-dash curve includes an estimated correction for

the increased energy loss by electrons in the inner galaxy. The 300-5000 Me V
point of COS-B [Mayer-Hasselwander et al., 1982], which covers a large range

in energy, is plotted at an energy where the differential energy spectrum of

the equivalent power law spectrum is equal to the integral intensity divided

by the energy interval width. The Compton component shown as a lightly

dashed line is seen to be small and is somewhat uncertain. [This figure is from

Fichtel and Kniffen, 1984.]
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For theproblembeingconsideredhere,the relevantconcernis the galactic
diffusematterin the form of atoms,molecules,ions,anddust. Thelatter
two arebelievedto beminor constituentsand,hence,unimportantfor gam-
marayproductionthroughcosmicray interactions.Hydrogenis theprimary
componentof boththeatomicandmolecularmatter.Heliumandheavynuclei
addabout55%moreto thegammarayproduction.It isassumedtheselatter
nucleihavea distributionin thegalaxysimilar to hydrogen,althoughlittle
is knownaboutthem.Both atomicandmolecularhydrogenareknownto
beconfinedto anarrowdiskwiththemolecularhydrogendistributiongenerally
havingasmallerscaleheight[e.g., Gordon and Burton, 1976; Solomon and

Sanders, 1980].

The neutral atomic hydrogen density distribution as revealed by the 21 cm

emission is reasonably well-known; however, even it remains somewhat uncer-

tain in the inner galactic regions because of uncertainty in the absorption cor-

rection. Recent work [e.g., Dickey et al., 1982; Thaddeus, 1982] suggests that

the absorption had previously been somewhat underestimated and that the

density in the region of 3-5 kpc from the galactic center is probably greater

than previously estimated. The density distribution of molecular hydrogen

is not as well-known because it is measured less directly. At present, the best

estimate is obtained through the observation of the 2.6 mm spectral line of
12CO, from which the distribution of cold interstellar matter is inferred. The

nature of the interpretation of these measurements makes the derived molecular

hydrogen density distribution less certain than that of the atomic hydrogen.

In the long term, careful comparisons of gamma ray data with the atomic

and molecular distributions should at least aid in the molecular hydrogen den-

sity normalization. The average galactic radial distributions of molecular and

atomic hydrogen show clearly that the molecular hydrogen to atomic hydrogen

ratio is larger in the inner galaxy than it is in the outer galaxy even if the ab-

solute intensity of molecular hydrogen is still fairly uncertain. It is interesting

to note that the great majority of the molecular hydrogen is in clouds. In most

current analyses, the normalization of the molecular hydrogen density is treated

as an adjustable parameter as long as it falls within the rather broad con-

straints set by other considerations.

If it were true that the cosmic ray density were constant throughout the galaxy,
it would only be necessary to know the column density of the hydrogen in
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orderto calculatethediffusegalacticgammarayemission[see,for example
FichtelandKniffen, 1974].However,if thecosmicray densityis variable
andthisquestionwill beaddressedbelow,theproductof thecosmicrayder
sity and thematterdensitymustbe integratedoverthe lineof sightin th
galaxy,and hence,the matterdistributionin the galaxymustbededucec
Althoughthetranslationof theobservationsinto a galacticspatialdistribt
tion is difficult, on a broadscalethe densityprofile is reasonablywell a_
cepted.Eventhoughthereisnotcompleteagreementondetailsof armstru_
ture,ageneralspiralpatterndoesappearto emerge.In additionto the21cI
data,thedistributionsof continuumradiation[LandeckerandWielebinsk
1970;Price, 1974],gammaradiation [Bignamiet al., 1975],H II regior
[GeorgelinandGeorgelin,1976],supernovaremnants[Clark and Caswel
1976],pulsars[Seiradakis,1976],andinfrared emission[Hayakawaet al
1976]areall consistentwith theexistenceof spiralstructurein the galaxy.
Until recently,it hadnotbeenclearwhethermolecularcloudswereassociate
withspiralstructure.However,nowonthebasisof ahighsamplesurveyan
observationsin boththefirstandsecondquadrantsof thegalacticplane,Cohe
et al. [1980]havereportedtheexistenceof themolecularcounterpartsof tt
fiveclassical21cmspiralarmssegmentsin thesequadrants,namelythePersel
arm,theLocalarm,theSagittariusarm,theScutumarm,andthe4 kpcarn

With regardto thecosmicraydensitydistributionin theplaneandperper
dicularto it, thereissomerelevantexperimentalevidenceandseveraltheoreticl
considerations.The radio continuummeasurementsof Cane[1977]use
togetherwith theassumptionthatthegalacticmagneticfieldsenergydensit
andthecosmicrayenergydensityhavethesamescaleheightgiveascaleheigt
for thecosmicraysof about0.6kpcrelativeto theplaneof thegalaxy.TI_
galacticmagneticfieldsandthecosmicraystied to thesefieldscanonly 1:
constrainedto thegalacticdiskby thegravitationalattractionof thematt_
[BiermannandDavis,1960;Parker,1966,1969,and1977].Thelocalener_
densityof thecosmicrays(- 1eV/cm3)is aboutthesameastheestimate
energydensityof themagneticfieldandthat of thekineticmotionof matte:
Together,thetotal expansivepressureof thesethreeeffectsis estimatedt
beapproximatelyequalto themaximumthatthegravitationalattractionca
hold inequilibrium.Further,thecosmicray agedeterminationsuggeststhl
this situationis the resultof plentiful sourcesandleakage,not just chain
accumulationtothemaximumovertime.Hence,excludingthepossibilityth_
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the localconditionsareanomalous,themostnaturalassumptionis that the
cosmicraypressureisasgreatasit canbethroughoutthegalaxyexceptpossibly
in theoutergalaxywheresourcesor regionsof furtheraccelerationmaybe
rare.Theassumptionthat thecosmicraydensitynot onlyvariesthroughout
thegalaxy,but specificallyon thescaleof thearms,isbasednotonly on the
naturalscaleof thearms,butalsoonthescaleheightof cosmicrayelectrons
perpendicularto theplane, - 600pc, andthetheoreticallysuggestedmean
diffusion lengthin the plane(a fewto severaltenthsof a kiloparsec).Fur-
thermore,supportfor thisassumptionisobtainedfromtherecentworkshow-
ing that the cosmicray electronintensitywithin the spiralarmsis about a
factor of 2 higherthan betweenthe arms[Webber, 1983].

Before considering the general case of the whole galaxy, two simpler examples

for diffuse gamma ray production by cosmic rays in the galaxy will be noted.

For galactic latitudes where the local contribution may be expected to dominate,

[ b[ greater than approximately 10 °, the cosmic ray density as a function of

position in the galactic plane presumably does not vary much. For this case,

since the scale height of the cosmic rays is expected to be large compared to

that of matter, a good approximation for the cosmic ray-matter interaction

contribution to the gamma ray diffuse radiation is presumably obtained by

using a constant cosmic ray density, which allows the direct use of atomic

and molecular hydrogen column densities. If the point source contribution

is small and if account is taken of the Compton contribution, it should be

possible to obtain a good agreement using the matter column densities directly

as shown by Strong et al. [1982] and Lebrun et al. [1982]. As an example,

see Figure 2. It should also be possible to use this simplified approach suc-

cessfully at intermediate longitudes, ( - 40 ° to - 120 ° and - 240 ° to -

320°), where regions which are at galactic radii similar to the Earth are

predominantly being viewed as shown, for example, by Arnaud et al. [1982]

and Lebrun et al. [1983]. See Figure 3.

The more general case wherein the cosmic ray density is allowed to be variable

and specifically proportional to matter on the scale of galactic arms is treated

by Fichtel and Kniffen [1984]. They show that within uncertainties the pres-
ent gamma ray results are in agreement with a coupling of the cosmic ray

density in the plane with the broad spiral arm scale galactic features as predicted

by theory. Their results are shown in Figures 4 and 5. Notice that the edges
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Figure 2. Comparison of measured and predicted gamma ray intensities. Bars:

average measured intensity by COS-B with statistical errors based on counts
in the bin. Thick line: predicted intensity based on estimated total column

density (using galaxy counts). Thin line: predicted intensity for atomic hydrogen

alone. [This figure is from Strong et al., 1982.]
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Figure 3. A comparison of the gamma ray intensity (E >IO0 MeV) on a
longitude along b = 0 ° between that observed by COS-B [M_tyer-Hasselwander

et al. 1982] and that calculated by Arnaud et al. [1982] under the assumption

of a constant cosmic ray density everywhere at the local galactic value. [This

figure is from Arnaud et al., 1982.]

of the Sagittarius and Crux arms at about 55 ° and 310 ° respectively mark

the beginning of the higher intensity associated with the central region of that

galaxy, and that further steps near 35 ° and 330 ° mark the edges of the Scutum

and Norma arms. There appear to be increases at 75 ° and 285 ° associated

with the local arm and the Carina arm respectively. The expected increase

at 265 ° for the local arm is masked by the large increase due to the Vela pulsar.
The latitude distributions are also generally reasonable. Fichtel and Kniffen

[1984] obtain a normalization for molecular hydrogen of 1.3 × 1020 mol cm -2

K-1 Km-1 s-1, which is consistent with the rather broad range allowed by

independent analyses of radio and other data by Blitz and Shu [1980] and

Dame and Thaddeus [1985].

Other analyses which support at least a general galactic radial gradient of the

cosmic ray density include those of Dodds, Strong, and Wolfendale [1975],

Kniffen, Fichtel, and Thompson [1977], Issa et al. [1981], Hermsen and

Bloemen [1982], Bloemen et al. [1984], and Harding and Stecker [1985]. The
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of longitude for - 10 °<b<lO ° from the SAS-2 data [Hartman et al., 1979j

[This figure is from Fichtel and Kniffen, 1984.1

latter specifically deduce enhancements near the major inner galactic art

features. For example, an assumption of a constant cosmic ray density predict

too large a diffuse gamma ray intensity in the anticenter direction by a rati,
of about 4:3 to 3:2, as noted several times before, e.g., Houston and Wolfen

dale [1982]. This result is expected, since as the matter density decreases i:

the outer galaxy, the cosmic ray density must also, since there is not then su!

ficient gravitational attraction to hold the local cosmic ray density.

It should be noted that Lebrun et al. [1983] showed that the gamma radi_

tion above 300 MeV for (12 ° <1< 97 °) and (-5 ° <b< 10 °) may be fit b
a linear combination of column densities of HI and CO gas tracers and a

isotropic background. However, as Pollack et al. [1985] note, to interpr_

this result as implying a constant cosmic ray density is an oversimplificatior

Fichtel and Kniffen [1984] point out several important factors. First, sinc

the molecular hydrogen density is concentrated towards the galactic centeJ

a large normalization value for molecular hydrogen is mathematically simil_
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Figure 5. Gamma ray intensity as a function of longitude averaged over the
latitude range - 10 °<b<lO °from 70 Me V to 150 Me tl, 150 Me V to 300 Me V,

and 300 MeV to 5000 MeV from the COS-B data [Mayer-Hasselwander et

al., 1982] compared to the model discussed here shown by the solid line. The

dashed line in the 70-150 MeV graph represents the new "'0.0"" line based on

the revised background intensity for the COS-B data in this energy interval.

[This figure is from Fichtel and Kniffen, 1984.1

to assuming a positive cosmic ray gradient towards the center in terms of the
gamma rays produced. Lebrun et al. [1983] used 3.1 × 1020 molecules cm -2

K-1 Km-] s. Second, the variation in the observed gamma ray intensity be-
tween 50 ° and 10 ° in 1 is less for 300 MeV <E <5000 MeV than in the other

two COS-B energy ranges, for reasons yet to be determined. Third and least,

the Compton contribution, as a percentage of the total, probably decreases
toward the galactic center.

In summary, most evidence at present seems to support, or be consistent with,

the theoretically supported concept of the correlation of the cosmic ray den-

sity with matter density on the broad scale of galactic arms. The anticenter

region seems to show a decrease in cosmic ray intensity, while the inner galaxy

is consistent with a higher cosmic ray density in the region of the galactic arms.
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In additionto thegalacticarms,the localgalacticfeatureGould'sBelt has
alsobeenseeningammarays,havingfirst beenobservedbySmallAstronomy
SatelliteSAS-2[Fichtelet al., 1975].Also, thereis the interestingfeatureof
anapparentpaucityof gammarayscomingfromthegalacticcenteritself(i.e.,
within aradiusof 300or 400pcof thecenter).Eitherthecosmicraydensity
mustbeveryanomalouslylow relativeto the matterdensityor thegas-to-
dustratioisexceptionallylow.Basedlargelyoncircumstantialevidence,Blitz
et al. [1985]favor a low H2/CO abundancein the centerregion.

2. MolecularClouds

Galacticmolecularcloudscontainmuchof the diffusegalacticmatterand
aregenerallybelievedto bethelocationfor theformationof stars.Thereare,
however,manyunansweredquestionsaboutthenatureof theseregionsand
their formativeprocesses.Gammarayastronomyhasthepotentialof mak-
ing an importantcontributionthroughthedeterminationof the cosmicray
distributionin theseclouds.Thelimitedsensitivityandangularresolutionof
theSAS-2andCOS-Binstrumentshasrestrictedthegammarayinformation
on theseobjects;however,two positiveidentificationsweremadewith the
COS-Btelescope,namelyp Oph and theOrion cloudcomplex.

TheOrioncloudcomplexhasbeenobservedasanextendedgammaraysource
[Caraveoetal., 1980]withthe intensitydistributionsimilarwithin uncertain-
tiesto the estimatedmatterdistribution.SeeFigure6. Thecentroidsof the
two excesseslocatedapproximatelyat a = 5h 4m, _5 = 0°0 '; (1 = 205.4 °,

b = - 14.4 °) and at ot = 5h 30m, t5 = -6o30 ' (I = 210.0 °, b = -20.6 °)

are far enough from the galactic plane that source confusion is not likely.

Detailed contours of the gamma ray emission, the CO line emission, the HI
column densities, and the total gas column density are given separately by

Bloemen et al. [1984], and then differences are taken to show a generally good

correlation between the gamma radiation and the mass distribution.

The p Oph gamma ray excess [Swanenburg et al., 1981] is also clearly
established, and its association with the cloud seems quite probable. There

is a controversy over whether or not the gamma ray intensity is more than
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Figure 6. Gamma ray contour map of the Orion region. A smoothing has

been applied to the data following Mayer-Hasselwander et al. [1980]. The
contour unit is 2 x 10 -3 "'on axis counts" s -z sr -z. The thick line follows

the boundaries of the L1641 and L1630 dark clouds. When considering the

angular resolution of the COS-B satellite, the coincidence between the gam-

ma ray excess and the cloud complex is further stressed. [This figure is from
Caraveo et al., 1980.]
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wouldbeexpectedon thebasisof cosmicraysat the localintensitylevelin-
teractingwith thematterin thecloud [For a summary, see Lebrun, 1984].

Although improved gamma ray data both in terms of angular resolution and
statistics are desired, the greater uncertainty at present appears to lie in the

estimate of the matter.

As noted, with future gamma ray observations of many clouds with greater

sensitivity and better angular resolution, it is hoped that a better understand-

ing can be achieved regarding the role of cosmic rays in internal cloud processes.

B. Compact Objects

The interest in the study of compact galactic objects in the gamma ray region,

particularly neutron stars and black holes, is clearly quite high since these
energetic photons are predicted to be able to provide answers on the fundamen-

tal nature of these objects. However, the angular resolution of the high energy

gamma ray telescopes flown thus far, typically ½ o to 1 °, has generally made

association with specific objects impossible except for cases where time varia-

tion correlation could be used. Many of the approximately two dozen localized

excesses listed in the COS-B catalog [Swanenburg et al., 1981] are likely to

be associated with molecular clouds, but some are probably yet to be resolved

compact objects. [For a further discussion of this subject, see Pollack et al.,

1985.]

1. Neutron Stars and Pulsars

Almost immediately after their discovery, pulsars were proposed to be

associated with neutron stars [Gold, 1968, 1969], and this relationship is now

generally accepted. The large release of energy, the very fast period, and the
remarkably small variation of the period seem to dictate that the pulsed radia-

tion must be from a massive object of small size. The very short length of

the individual pulses indicates that the size of the emitting region is associated

with something substantially smaller than normal stellar dimensions. On the

other hand, the periods in general are constant tO one part in 108 or greater

indicating a massive object rather than a plasma phenomenon. If the period
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of the pulseis associatedwith a rotating body, thentheobject mustbea
neutronstarratherthana normalstellarobjectbecausethe surfacecannot
movefasterthanthespeedof light. Further,theperiodisprobablytoo short
to beassociatedwith anoscillatingphenomenon.

No consensusyet existswith regardto theexactmodelfor thepulsedradia-
tion. Manytheoreticalmodelsinvolveeithersynchrotronor curvatureradia-
tion in thehigh magneticfields,often in associationwith thepolar regions
to givethebeamingeffect.Thereisstill, however,a greatvarietyof opinions
regardingthe detailsof themodel,includingthe specificmannerand loca-
tion of the relativisticparticleacceleration.

ThehighestintensitypulsarasobservedattheEarthin thegammarayregion
is the onein Vela, PSR0833-45,for which (1.2 _+ 0.2) × 10 -5 photons

E> 100 MeV) cm -2 S-2 are seen [Thompson et al., 1975 and 1977b; Bennett

et al., 1977; and Kanbach et al., 1980]. This pulsar as first seen by SAS-2

is shown in Figure 7. The two most striking features are the two gamma ray

pulses as opposed to one in the radio region, and the fact that neither gamma

ray pulse is in phase with the radio pulse. These features were confirmed by

the data obtained later from the COS-B satellite gamma ray telescope [Bu-

ccheri et al., 1978]. They determined that the first gamma ray pulse followed

the radio pulse [e.g., Komesaroff, Hamilton, and Ables, 1972] by 11.2 _+

0.4 ms. The period is 89 ms, and the time between the pulses is 38 ms. If

this result were not enough to complicate attempts to find a satisfactory

theoretical model, following the detection of PSR 0833-45 in gamma rays two

peaks were found in the optical region by Wallace et al. [1977], neither one
of which was in phase with either the gamma ray or the radio peaks as seen

in Figure 8 wherein the COS-B gamma ray data are shown. In spite of many
attempts to obtain a certain detection of pulsation in the X-ray wavelength

range, none has yet been made.

The observational picture for the second strongest gamma ray pulsar PSR

0531 + 21 in the Crab nebula is much simpler to describe. This pulsar, which

is faster than PSR 0833-45 and was the first gamma ray pulsar reported [Brown-

ing, Ramsden, and Wright, 1971], even though it is not the strongest, is seen

with the double pulsed structure in the radio, optical, X-ray, and gamma ray
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Figure 7. Distribution of gamma ray arrival times infractions of a radio pulse

period for gamma rays above 35 MeV from the direction of PSR 0833-45,
as seen in the original data of the SAS-2 satellite. Arrow R marks the posi-

tion of the radio pulse. The dashed line shows the gamma ray level expected

from galactic and diffused radiation if no localized source were present

[Thompson et al., 1977a]. Later data from PSR 0833-45 obtained with COS-

B are shown in Figure 6. [This figure is from Thompson et aL, 1977a.]

regions, and the pulses in each wavelength are in phase as shown in Figure
8. PSR 0531+21 has even been detected above 1011 eV by Helmken,

Grindlay, and Weekes [1975] [see also, Grindlay, 1982; Cawley et al., 1985a;
Kinov et al., 1985; and Ti_mer et al., 1985] using the ground-based 10 m reflec-

tor on Mt. Hopkins and others [e.g., Chadwick et al., 1985b; Cawley et al.,

1985b]. The common in-phase double peak feature suggests the same
mechanism for the radiation at all wavelengths for PSR 0531 + 21, which is

perhaps to be expected for a pulsar which is only 103 years old. The older

Vela pulsar, PSR 0833-45, apparently then has a dominant high energy com-

ponent. In fact, whereas the pulsed luminosity ratio, L(PSR 0531 + 21)/L(PSR

0833-45), is about 5 above 100 MeV, it is almost 104 in the optical range. The
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Crab nebula also has strong constant emission. The ratio of the pulsed to

unpulsed emission appears to increase monotonically with energy until in the

high energy gamma ray region the pulsed emission dominates.

The presence of 1012 eV gamma rays has been reported by Chadwick et al.

[1985c] from the pulsar PSR 1953 + 29 with the characteristic 6.1 ms periodicity

observed in the radio region. The 1.24s binary pulsar Her X-1 has also been

seen at these very high energies [Dowthwaite et al., 1984; Cawley et al., 1985c].

Other radio pulsars have been reported to be possible gamma ray emitters

both at 108 and 1012 eV, but confirmation is probably required because the

statistical level of the observations is low. Most likely several of the radio

pulsars will be revealed as gamma ray emitters. Semi-empirical analyses based

on intensity as a function of age [Ogelman et al., 1976; Fichtel and Trombka,

1981] suggest that, with a factor of ten increase in sensitivity, many more

pulsars will be seen in the gamma range.

2. Black Holes

Gamma rays are expected from black holes, although they are yet to be ob-

served from a likely candidate. Maraschi and Treves [1977] have noted that,

if the accretion flow onto the black hole is turbulent and dissipation main-

tains approximate equipartition among the different forms of energy, elec-

trons can be accelerated by the induced electric fields. The resulting synchrotron

energy spectrum is quite flat to about 20 MeV, above which it falls steeply.

There would also be a Compton contribution. Under the right conditions,

observable gamma ray fluxes would be generated. Collins [1979] has pointed

out that matter falling onto a rotating black hole will be heated sufficiently

that proton-proton collisions will produce mesons, including neutral pions

which decay into two gamma rays. For massive (> 103 Mo) black holes, such
as might exist in the galactic center, the resulting gamma ray luminosity may

exceed 10 36 ergs s -1, which would give rise to over 3 × 10 -6 gamma rays

cm -2 s -_ at the Earth for a source at the galactic center. The energy spec-

trum would have a peak near 20 MeV. Emission from black holes through

the Penrose process is another mechanism, but it is most appropriately dis-

cussed in relation to very large black holes which may exist at the centers of

active galaxies.
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Oneof themost intriguingpredictionsof gammaray emissionfrom black
holesis that of burstswith a veryuniquesignaturefrom mini black holes
left fromtheBigBang[e.g.,PageandHawking,1976;Hawking,1977].These
mini holes,whosemassesareonly a verysmallfractionof that of the Sun,
cannotbecreatedin theuniverseasit existstodaybecausethenecessarycom-
pressionalforcesdo not exist.As oneof theseprimordialblackholescon-
tinueto losemass,itstemperaturerises,andit beginsto emitparticlesof higher
restmass,until finally it ejectsall itsremainingrestmassin averyshorttime.
Theheavyhadronsemittedin thisfinalreleasewoulddecayveryrapidly,giving
about10to 30percentof their energy( - 10 34 ergs) into a short burst (about

10-7S) of hard gamma rays between 102 and 103 MeV, peaking around 250
MeV.

3. Other High Energy Gamma Ray Sources

Energetic (E > 35 MeV) gamma rays from Cygnus X-3 were observed with

the SAS-2 gamma ray telescope by Lamb et al. [1977], as shown in Figure

9. They were modulated at the 4.8 hr period observed in the X-ray and in-

frared regions, and within the statistical error are in phase with this emis-

sion. The flux above 100 MeV had an average value of (4.4 +_ 1.1) x 10 -6

photons cm -2 s-1. Earlier, Galper et al. [1975] reported an excess above 40

MeV from Cygnus X-3 also with a 4.8 hr period at a higher intensity closer

to the large 1972 radio burst, but with a lower statistical weight (3.60. If the

distance to Cygnus X-3 is 10 kpc, the flux reported by SAS-2 implies a lumi-

nosity of more than 10 37 ergs s- 1 if the radiation is isotropic and about 1036

ergs s-1 if the radiation is restricted to a cone of one steradian, as it might

be in a pulsar. At that luminosity level, during the time of the SAS-2 obser-

vation, Cygnus X-3 was the most luminous gamma ray source. However, since

it is quite distant, the reported flux as observed at the Earth is just above

the threshold for detection by SAS-2 or COS-B. When COS-B searched for

radiation in later years (the SAS-2 observed it in 1973), no gamma radiation

was detected [Bennett et al., 1977]. This result is not particularly surprising

since the intensity as seen at other wavelengths such as X-rays was much lower

then [e.g., Priedhorsky and Terrell, 1985]. The radio intensity is known to

be quite variable.
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There are also several reports of gamma ray emission from Cygnus X-3 at

higher energies (E > 1011 eV) [e.g., Vladimirsky, Stepanian, and Fomin,

1973; Stepanian et al., 1977; Danaher et al., 1981; Lamb et al., 1982;

Dowthwaite et al., 1983; Cawley et al., 1985a; and Chadwick et al., 1985a],

and even very high energies (E > 1015 eV) [Samorski and Stamm, 1983;

Lloyd-Evans et al., 1983; Dowthwaite et al., 1983; Kifune et al., 1985; Bhat
et al., 1985; and Alexeenko et al., 1985], making it one of the more interesting

astronomical objects ever observed. In the very high energy region, it is clear

that once again Cygnus X-3 is not a steady emitter [e.g., Cawley et al., 1985d].

There are several null results as well as the positive results. These variations
in intensity in the gamma ray region are consistent with the nonstatic theories

of high energy particle acceleration in an accreting binary wherein there would

be frequent breakdowns in the conditions.

There are several reasons for believing that the Cygnus X-3 gamma rays are

produced by nuclei rather than electrons. Being massive, they are able to carry

off energy acquired by acceleration in the high field region near the pulsar

(B > 105 G) and deposit it in a low field region from which gamma rays are

able to escape (B < 103 G). Electrons cannot do this [Hillas, 1984]. The pro-

duction of gamma rays begins with the decay of the 7ro mesons formed in

the collisions of accelerated nuclei with nuclei in the atmosphere of the com-

panion star or in the gaseous material known to enshroud the Cygnus X-3

system. Thus, the energy spectrum of the accelerated nuclei must extend to
at least 108 GeV per nucleon. It has been shown by Hillas [1984] that a

monoenergetic beam of 10s GeV protons impinging on a stellar atmosphere

will generate a cascade whose escaping gamma rays have a spectrum similar

to that from Cygnus X-3. The acceleration could be driven by the rotational

energy of the compact object [Eichler and Vestrand, 1984] or the accretion

disk [Chanmugan and Brecher, 1985]. Alternately, the acceleration may be

due to shocks [Kazanas and Ellison, 1986]. Fichtel and Linsley [1986] have

noted that, in several of these models, there is more than enough energy be-

ing generated per unit time in the form of cosmic rays to sustain the observed

intensity of > 106 GeV cosmic rays in the galaxy.

Supernovae, the most spectacular of stellar events, were among the first ob-

jects considered by gamma ray theorists. A continuum emission from the Crab
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supernovaremnanthasbeenobservedrangingupwardto atleastthelowenergy
gammarayregionsuggestingsynchrotronradiationfromrelativisticelectrons.
Othersupernovaehavenot beenseento havethis typeof radiation,but it
maybeonly a questionof sensitivity.A further importanttestof whether
cosmicraysareacceleratedbysupernovaewouldbetheobservationof acon-
tinuum gammaradiationresultingfrom cosmicray-matterinteractions.A
straightforwardcalculationassuming1049ergsin theform of relativisticpar-
ticlesandadensitythesameasthat locallygivesan intensityof about10-7
photons(E > 100MeV) cm-2 s-1 for a supernova1 kpc away.This level
wouldbedetectablewith future experiments,but not thoseflown thus far.
For theVelasupernovaremnant,whichiscloser,but in apossiblylessdense
region,a largernumbermightbepredicted,makingit aninterestingcandidate
for futurestudy.Also, supernovaein high densityregionswouldbelogical
objectsto searchfor high energygammarays[Montmerle,1979].

As notedin the introduction,oneof thetwo strongesthigh energy(-102
MeV)gammaraysourcesis theoneat (1= 195,b= + 5), whichwasfirst seen
by SAS-2[Lambet al., 1977].Thereisalsoareportof veryhighenergygam-
maraysfrom this sourceby ZyskinandMukanov[1983and 1985].Radio,
optical,andgammaraysearcheshavenot revealedanyobjectwhichstands
outasbeingexceptionalenoughto haveexpectedsuchstronggammarayemis-
sion;however,thereis now anX-ray sourcewhichseemsto bea possible
candidate[e.g.,Bignami,Caraveo,andLamb, 1983].It ishopedthat future
gammaraymeasurementsmaydefinethesourcelocationaccuratelyenough
to locatean objectat lowerwavelengthswith morecertainty.

3. EXTRAGALACTIC GAMMA RADIATION

A. ActiveGalaxies

Beyondourgalaxygammarayemissionhasalreadybeenseenfrom four ac-
tivegalaxies,two Seyfertgalaxies,oneradio galaxy,and a quasar.For at
leasttwoof these,3C273andNGC4151,moreenergyisemittedin thegamma
ray region(E > 0.1MeV) than in theX-ray, optical, or radio regions.The
photonintensitiesarerelativelylow, of course,becauseof the largeenergy
perphotonin thegammarayregion.Nonormalgalaxy,otherthanourown,
hasbeenseenin gammarays,but this resultis not surprisingon thebasis
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of theemissionlevelof ourowngalaxy[See,for example,FichtelandTromb-
ka, 1981].Thegammaraysobservedfrom the SeyfertgalaxiesNGC 4151
andMCG8-11-11arein the lowenergygammarayregion[Auriemmaetal.,
1978;Coeetal., 1981;Gurskyetal., 1971;Ives,Sanford,andPenston,1976;
MeeganandHaymes,1979;Mushotsky,Holt, andSerlemitsos,1978;Paciesas,
Mushotsky,and Pelling, 1977;Perotti et al., 1979;Perotti et al., 1981;
Schonfelder,Graml, and Penningsfeld,1980;andWhiteet al., 1980],and
only upperlimits to thehighenergygammaradiationexist[Bignamiet al.,
1979].Thespectraaresimilarin that bothshowa verymarkedincreasein
thespectralslopein theenergyregionnear1MeV.Theseveralmeasurements
in thegammaray regionfor NGC4151weremadeat differenttimes,and,
assumingno significanterrorsin the data,clearlyshowa time variability.
For five otherSeyferts(andalsoseveralotheremission-linegalaxies)upper
limits derivedfrom the SAS-2gammaray data [Bignamiet al., 1979]are
substantially(morethananorderof magnitude)belowanextrapolationof
thepowerlawX-ray spectra[Mushotsky,Holt, andSerlemitsos,1978],sug-
gestingthata sharpspectralchangein thelow energygammarayregionmay
beageneralfeatureof thesegalaxies.Pollocket al. [1981]cometo a similar
conclusionin relationto the COS-Bdata.

Turningto quasars,3C273isthebrightestX-rayquasarandis theonly quasar

which has been clearly identified as a source of gamma rays [Swanenburg et

al., 1978]. The differential energy spectrum of 3C 273 steepens sharply from

the X-ray range to the gamma ray region, with the slope of the differential

energy spectrum changing from 1.4 in the hard X-ray region to 2.7 in the

high energy (E>50 MeV) gamma ray region as shown in Figure 10. The change

in spectral shape between the hard X-ray and gamma ray region seen for 3C

273 is similar to that suggested for the Seyfert galaxies for which data exist.

The COS-B instrument has observed 3C 273 in gamma rays in July 1976, June

1978, and June-July 1980, and no significant variation in the gamma ray fluxes

among the observation was observed [Bignami et al., 1981b].

The closest known quasar is 2S 0241 + 622, but it is very close to the galactic

plane (b = 2°). The error box of the COS-B gamma ray source CG 135 + 1
[Hermsen et al., 1977] contains the position of 2S 0241 + 622, and the possi-

ble association has been pointed out by Apparao et al. [1978]. Because of
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the largeareaof thegammaraysourcewithin thegalaxy,this identification
mustbeconsideredtentative.

Thechangein spectralshapebetweenthehardX-rayandgammarayregion
seenfor 3C273issimilarto that suggestedfor theSeyfertgalaxiesfor which
dataexisted.Thisspectrum,althoughasyetpoorlydefined,isconsistentwith
severalof themassiveblackholemodels,includingthesynchrotron,selfComp-
tontypemodels[e.g., Grindlay, 1975; Shapiro and Saltpeter, 1975; Mushot-

zky, 1976; and Maraschi and Treves, 1977], possibly including some degree

of subsequent photon-photon interactions [JeUey, 1966] and the Penrose pair

production and Compton scattering processes [Leiter and Kafatos, 1978;
Kafatos and Leiter, 1979], involving infalling protons and electrons.

Centaurus-A (NGC 5128), generally believed to be the closest radio galaxy,

is the only radio galaxy that has been seen in gamma rays. It has now been

observed in all frequency bands from radio through low energy gamma rays
and, although gamma ray emission is not seen in the 30 to 103 MeV region

[Bignami et al., 1979; Pollock et al., 1981], a strong indication of very high

energy (E>3 x 1011 eV) gamma ray emission has been found [Grindlay,

1975]. The observations of the radiation from CEN-A in the X-ray region

through the very high energy gamma ray region again suggest a steepening
of the spectral slope possibly similar to NGC 4151, MCG 8-11-11, and 3C 273.

B. Diffuse Extragalactic Radiation

A diffuse celestial radiation, which is isotropic at least on a coarse scale, has

been measured from the soft X-ray region to at least 150 MeV. The first in-

dication that diffuse celestial radiation extended from the X-ray region into

at least the low energy gamma ray (1 MeV) portion of the spectrum was

reported by Arnold et al. [1962]. At energies above 10 MeV, the first

measurements related to an extragalactic diffuse radiation were those of

Kraushaar and Clark [1962], whose upper limits from Explorer 11 provided

an experimental refutation of the steady-state theory of cosmology. The first

suggestion of a diffuse high energy flux came from the Orbiting Solar Obser-

vatory OSO-3 satellite experiment [Kraushaar et al., 1972], and it was data
from the SAS-2 high energy gamma ray experiment that clearly established
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ahighenergyextensionof the diffuse radiation with a steep energy spectrum

above 35 MeV [Fichtel et al., 1977]. A recent reanalysis of the SAS-2 data
which included galaxy counts as a tracer of the interstellar matter has been

performed by Thompson and Fichtel [1982] and has added support to the
concept of the spectrum being quite steep (having a power low index of about

2.4) in the energy region above 35 MeV. See Figure 11.

Although the diffuse spectral measurements are reasonably self-consistent,

the degree of spatial isotropy is not well known. The X-ray spectrum through

about 100 keV is known [cf., Schwartz and Gursky, 1973] to be isotropic to

within about 5 percent. At high gamma ray energies (35 to 100 MeV), the
center-to-anticenter ratio for radiation with 20 o < [b 1<40 ° was measured to be

1.10 +_ 0.19 and the perpendicular to the galactic plane intensity to that in

the 20 ° <1 b 1<40 ° region was measured to be 0.87 ___0.09 each of these re-

suits is consistent with isotropy to within errors [Fichtel, Simpson, and Thomp-

son, 1978]. Although much more precise measures of the isotropy are clearly

desired, no evidence for a major anisotropy exists. In particular, the high energy

gamma ray results just quoted eliminate a spherical galactic halo origin for

the radiation in view of the Sun's great distance from the galactic center. For

the future, trying to establish the level of isotropy or deviations therefrom
on both a coarse scale and a fine scale will be quite important.

A large number of theories predicting a diffuse gamma ray background have

appeared in the literature over the years. With the measurements of the spec-

trum and intensity which now exist, most of these seem not to be likely can-

didates for the majority of the diffuse radiations [see, for example, Fichtel
and Trombka, 1981]. Two possibilities seem to remain at present. One of these

involves a baryon-symmetric universe, containing superclusters of galaxies
of matter and others of antimatter. The annihilation of nucleons and an-

tinucleons at the boundaries [Stecker, Morgan, and Bredekamp, 1971] pro-

duces the gamma rays. The predicted energy spectrum is reasonable and the

required normalization is within the rather wide currently accepted range. This

theoretical model predicts a fairly smooth distribution over the sky; however,

a test of this theory (in addition to a precise measure of the energy spectrum)

would be the detection of fairly small enhancements in the gamma radiation
in the direction of boundaries between close superclusters of galaxies. The
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Figure 11. The diffuse gamma ray energy spectra estimated for quasars and

normal galaxies under the assumptions described in the text, compared to some

of the more recent experimental data. [This figure is from Fichtel and Tromb-

ka, 1981.1
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diffusegammaradiationassociatedwith theseparticularboundarieswould
beat the higherenergies.

Theotherpossibilityis thesumof theradiationfrom point sources,andpar-
ticularlyactivegalaxies,integratedovercosmologicaltimes[e.g.,Strongand
Worrall, 1976;Bignami,Lichti, and Paul, 1978;Schonfelder,1978;and
Grindlay, 1978].Usingthe dataon the few knownobjects,Bignamiet al.
[1979]andFichtelandTrombka [1981]concludethat it is quiteconceivable
thatSeyfertgalaxiesandquasarscouldaccountfor thediffusegammaradia-
tionusingconservativeevolutionarymodels.Theestimateof thequasarcon-
tributionby FichtelandTrombka[1981],basedon theexisting,verylimited
knowledgeisshownin Figure11.LeiterandBoldt[1982]andBoldtandLeiter
[1984]haveproposeda modelbasedon supermassiveSchwarzschildblack
holeswithaccretiondisksradiatingneartheEddingtonluminositylimit. The
authorsbelievethat, if thistheoryiscorrect,therewouldbedetectablevaria-
tions in the diffuse radiation in small elementsof the sky (10deg2)over
severaldaysin the ½ to 3 MeVregion,givingaspecifictestfor this theory.

4. FUTUREPROSPECTS

Thesatelliteopportunitiesfor highenergygammarayastronomyin thenear
futurearetheGAMMA I plannedto belaunchedin late1986andtheGamma
RayObservatory,currentlyscheduledfor launchin 1988.In themostdistant
future,theNASASpaceStationshouldprovideopportunitiesto fly quitelarge
gammaray instrumentswhichmightberefurbishedorreconfiguredin space.

A. GAMMA I

Thenextgammaray satelliteexpectedto fly is GAMMA I. It is similar to
SAS-2andCOS-Bin thesensethat its centralelementisa multilayerspark
chambersystem,triggeredbyadirectionalcountertelescope,andsurrounded
on theupperendby ananticoincidencesystem.The uppersparkchamber
systemis a twelve-levelwidegapVidiconsystem.Thedirectionalityof the
electronsis determinedby atime-of-flight systemratherthana directional
Cherenkov counter. The sensitive area is about 1600 cm 2 or about 2.7 times
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that of SAS-2 or COS-B. The area solid angle factor is about the same, because

the viewing angle is smaller. The gamma ray arrival direction measurements

are expected to be an improvement over those of SAS-2 and COS-B.

B. The Gamma Ray Observatory (GRO)

Frank McDonald played a major role in bringing this observatory into be-

ing. Following his early work during the formative period, he was named the

GRO Study Scientist for the initial formal phase of GRO's life. The Gamma

Ray Observatory (GRO) is now an approved NASA mission with a launch
tentatively planned for 1990, as mentioned above. An artist's concept of this

spacecraft, which is to be launched by the shuttle, is shown in Figure 12. There

are four instruments covering the energy range from 0.03 MeV to 3 x 104

MeV, with a major increase in sensitivity over previous satellite experiments.

It is advantageous to combine the instruments into one mission not only

because they place similar requirements on a spacecraft, but also because of

the great scientific value of studying the entire gamma ray spectrum of any

object at the same time to examine in detail the nature of time variations.

The four instruments to fly on GRO are:

1. Gamma Ray Observatory Scintillation Spectrometer Experiment (OSSE)

This experiment utilizes four large actively shielded and passively collimated

sodium iodide (NaI) scintillation detectors, with a 5 ° × 11 ° FWHM field of

view. The large area detectors provide excellent sensitivity for both gamma

ray line and continuum emissions. An offset pointing system modulates the

celestial source contributions to allow background subtraction. It also per-

mits observations of off-axis sources such as transient phenomena and solar

flares without impacting the planned Observatory viewing program. The energy

range is 0.1 to 10 MeV.

2. Imaging Compton Telescope (COMPTEL)

This instrument employs the signature of a two-step absorption of the gamma
ray, i.e., a Compton collision in the first detector followed by total absorp-

tion in a second detector element. This method, in combination with effec-

tive charged particle shield detectors, results in a more efficient suppression
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of theinherentinstrumentalbackground.Spatialresolutionin thetwodetec-
torstogetherwith thewell-definedgeometryof theComptoninteractionper-
mitsthereconstructionof theskyimageovera widefieldof view(- 1stera-
dian)with aresolutionof a fewdegrees.In addition,theinstrumenthasthe
capabilityof searchingfor polarizationof theradiation.Theinstrumenthas
goodcapabilitiesfor thesearchfor weaksources,weakgalacticfeatures,and
for thesearchfor spectralandspatialfeaturesin theextragalacticdiffuseradia-
tion. The energyrangeis 1to 30MeV.

3. EnergeticGammaRayExperimentTelescope(EGRET)

TheHighEnergyGammaRayTelescopeisdesignedto covertheenergyrange
from 20MeVto 30 x 103MeV. Theinstrumentusesamultithin-platespark
chambersystemto detectandrecordgammaraysconvertedbytheelectron-
positronpairprocess.A totalenergycounterusingNaI (TI)isplacedbeneath
theinstrumentto providegoodenergyresolutionoverawidedynamicrange.
Theinstrumentiscappedwith aplasticscintillatoranticoincidencedometo
preventreadoutoneventsnotassociatedwithgammarays.Thecombination
of highenergiesandgoodspatialresolutionin this instrumentprovidesthe
bestsourcepositionsof any GROinstrument.

4. BurstandTransientSourceExperiment(BATSE)

TheBurstandTransientSourceExperimentfor theGROisdesignedto con-
tinuouslymonitor a largefractionof the sky for a widerangeof typesof
transientgammarayevents.Themonitorconsistsof eightwidefield detec-
tor modules.FourhavethesameviewingpathastheothertelescopesonGRO
andfour areon thebottom sideof the instrumentmoduleviewingtheop-
positehemisphere.Thisarrangementprovidesmaximumcontinuousexposure
to the unobstructedsky. Thecapabilityprovidesfor 0.1msectime resolu-
tion, a burst locationaccuracyof about a degree,anda sensitivityof 6
x 10-8 erg/cm2for a 10secburst.

Thecombinedcomplementof instrumentsto beincorporatedinto theGam-
ma RayObservatoryis expectedto havethe capabilityto carry out the
following:
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ii.

A survey of gamma ray sources and diffuse emission with sensitivities
around 10 -5 photon cm -2 sec-1 and energy resolution around 10 per-

cent at energies between 0.1 and 30 MeV.

A survey of high energy gamma ray sources and diffuse emission with

a point source sensitivity of 10 -7 photons cm -2 sec-1, angular resolu-

tion of about 0.1 o for strong sources, and energy resolution around
15% at energies above 102 MeV.

iii. Detection and identification of nuclear gamma lines with an energy

resolution of 4 percent and sensitivity of the order of 5 × 10 -5 photon
cm- 2 sec- 1

iv. Observations of gamma ray bursts, including studies of their spectral

and temporal behavior.

The Gamma Ray Observatory will be a shuttle-launched, free-flyer satellite.
The nominal circular orbit will be about 400 kilometers with an inclination

of 28.5 o. Celestial pointing to any point on the sky will be maintained to an

accuracy of _+ 0.5 °. Knowledge of the pointing direction will be determined

to an accuracy of 2 arc-minutes. Absolute time will be accurate to better than

0.1 milliseconds to allow precise comparisons of pulsars and other time vary-

ing sources with observations at other wavelengths from ground observations
and other satellites. For further information on the instruments to be flown

on GRO, see Kniffen et al. [1981].

C. Space Station

NASA is now considering a Space Station which would be a manned spacecraft

permanently orbiting the Earth and capable of performing a variety of scien-

tific missions. High energy gamma ray astronomy is certainly among the scien-

tific disciplines which would be able to benefit very significantly from such
an opportunity. With the gamma ray sky surveyed in some depth with the

GRO, it would, for example, be possible to concentrate on the detailed features

of discrete sources such as active galaxies to examine detailed characteristics

including the temporal variability on time scales up to years and to study in

depth limited regions such as clouds, galactic arms, and nearby galaxies.
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D. VeryHigh EnergyGround-BasedGammaRayTelescopes

In theveryhighenergyrealmof gammaray astronomy,thereareplansfor
ground-basedatmosphericCherenkovexperimentsthat would parallel the
developmentsin sensitivityat gammaray energiesin theMeV-GeVregion
expectedin theSpaceStationera.Oneof these[Weekes, 1985] consists of

seven 10 to 15 m aperture optical reflectors in an array of spacing 7 m at a

high mountain altitude (3.5 km). Each reflector would be equipped with a

camera similar to that currently in use at the Whipple Observatory. The flux

sensitivity will be a factor of ten better than that achievable with the current

camera and will be competitive with the anticipated sensitivity of spaceborne

calorimeters in the TeV energy range. The effective energy threshold could

be as low as 10 GeV (101° eV). A co-located particle detector array consisting

of 61 scintillators of 1 m E area will give coverage in the even higher energy

range from 1014 to 1017 eV, so that six magnitudes of the electromagnetic

spectrum will be simultaneously monitored.

Should all these opportunities come into being, gamma ray astronomy should

make a major contribution to the understanding of the universe.
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