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Abstract

Observations and theories of astrophysical gamma ray line emission
are reviewed and prospects for future observations by the spectroscopy
experiments on the planned Ganma Ray Observatory are discussed.
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"For over two detades it has been recagnized (Mor#ison 1958, Clayton,
Colgate, and Fishman 1969, Lingenfelter and Ramaty ‘1978) ‘that gamma ray °
spectroscopy coutd provide basic informdtion on several important problems
in astrophysic¢s. But obéérﬁgéiohaT progress in the field has been rather .
sTow, and positive observations of celestial gamma ray lines have been made

only recently.

Gamma ray line emission resulting from nuclear interactions of flare
accelerated particles with the solar atmosphere was first observed by
Chupp et al. (1973). These and more recent obhservations (Hudson et al.

1980, Prince et al. 1980, Chupp et al. 1981) cdn provide important
information on particle acceleration in solar flares and on the flare process
itself (Ramaty, Kozlovsky, and Lingenfelter 1975, Lin and Ramaty 1978, Ramaty

et al, 1980). We discuss the solar gamma-ray spectroscopy results in Section I1.

The first convincing detection of an extra-solar gamia ray line was that

of the positron annihilation line at 0.517 MeV (Leventhal, MacCallum, and

Stang 1978) from the direction of the galactic center. ”Thi§“1fné'may‘have

been observed earlier by Haymes et al. (1975) with a detector of much lower

“energy resolution. The most recent observations of the 0.511 MeV line on HEAQ-3

‘(Mahoney, Long, and Jacobson 1980, Rieglér“et'ait~1980)‘haVé'pfovidéd'eXéiting

new information on the'spatial extent of the emission region and on its apparent
time variability. The 0.511 MeVY line emission is surprisingly intense and clearly

suggests that there may be much new astrophysics to be learned from a full
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study of the sky just at this line energy alone. Indeed the role of this

it line in gamma ray astronomy may prove to be comparable to that of K-shell Fe.
- v.\\

‘v, line emission in X-ray astronomy and 21-cm Tine emission in radio astronomy.%

We discuss the galactic center observations. including implications of the

new HEAD-3 results in Section III, !

Gamma ray lines have also been seen in gamma ray transients. Spectra

of several gamma ray bursts show (Mazets et al. 1979, 1980; Teegarden and

Cline 1980) emission lines thought to be redshifted positron annihilation and

cyclotron absorption lines in teragauss (10'3 gauss) magnetic fields., A1l
of these obhservations strorgly suggest that at Jeast some of the gamma ray
burst sources are neutron stars, Gamma ray lines have also been seen in at
least one transient of longer duration than the gamma ray bursts (Jacobson
; et al. 1978), and the identification of these lines-as well, requires a
L redshift characteristic of ;JMQ neutron stars (Lingenfelter, Higdon, and

Ramaty 1978). Transient gamma ray spectroscopy is treated in Section IV,

There are in addition a variety of other astrophysical gamma ray lines,
which although below the sensitivity of detectors flown so far, should be
observable with good statistical signiiicance with future detectors, There are
two spectroscopy experiments planned for the Gamma Ray Observatory (GRO) which

are particularly suitable to make these observations: the Gamma_Ray Spectroscopy
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Experiment (GRSE), a high resolution Ge spectrometer with a broéd field of view

and good angular resolution achieved by a rotating modulator, and the Oriented

Scintilation Spectroscopy Experiment (OSSE), a moderate resolution Nal instru-
ment of high sensitivity to astrophysically broadened lines. In Section V
we compare the predicted intensities of the most promising gamma ray lines

with the sensitivities of these detectors. . . o o
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II. SOLAR GAMMA RAY SPECTROSCOPY

Gamma ray line emission from the Sun results from the nuclear interactions
of energetic protons and nuclei with the solar atmosphere. These interactions
produce gamma ray lines from neutron capture, positron annihilation and nuclear
deexcitation., Observation of such gamma rays can provide unique information
on high energy processes at the Sun. The first solar gamma ray lines, at 0,511,
2.22, 4,44, and 6.13 MeV, were observed (Chupp et al. 1973) by a Nal detector
on the 0S0-7 satellite during the August 4, 1972 flare. Most of these lines
have been observed from several subsequent flares by detectors on the HEAQ-1
(Hudson et al, 1980), HEAO-3 (Prince et al. 1980), and SMM (Chupp st al.

1981) satellites. The measured relative intensities of these four lines

were consistent with earlier predictions (Lingenfelter and Ramaty 1967).

In all of these flare observations tng strongest line is that at 2.223
MeV, due to neutron capture on hydrogen, 'H(n,y)®H. The neutrons, initially
produced at energies of about 1 to 100 MeV, are thermalized and captured in
the photosphere. This leads to a delay of about 1 to 2 minutes between the
emission of a 2.2 MeV photon and the production of its parent neutron in an
energetic particle reaction. The delayed nature of the 2.2 MeV 7ine has been
unmistakahly observed in several solar flares (August 4, 1972, Chupp et al.
19733 July 11, 1978, Hudson et al., 1980; November 9, 1979, Prince et al. 1980;
June 7, 1980, Chupp et al. 1981). Neutron capture on ’H in the photosphere must
compete (Wang and Ramaty 1974) with capture on ?He, even though *He is only a
minor constituent of the photosphere, because the cross section for the reaction
*He (n,p)’H is about four orders of magnitude larger than that for the
reaction 1H {n,y)aH. Observations of the intensity of the 2.223 MeV line
compared to that of other lines can limit the photospheric ’He/4He ratio
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to several times 107%; this 1imit is comparable to that measured in the
chromosphere (Hall 1975) and solar wind (Geiss and Reeves 1972). The width
of the 2.223 MeV line, determined by the photospheric temperature, is
expected to be very narrow (~ 100 eV), a result consistent with the high
resolution HEAO-3 observations (Prince et al. 1980) which have sat an upper

Timit of several keV on the width of this line.

The second strongest solar flares line, at 0.511 MeV, is from the
annihilation of positrons. There are many astrophysically important positron
production mechanisms, as discussed in Section III, but in solar flares the
0.511 MeV Tine results from energetic part1c‘e react1ons wh1ch Tead to a
variety of short lived rad1onuc1e1 (.9, 1’C, ”N, ’50 1"F) 7" mesons
and the first nuclear level o¥ 160 at 6.052 MeV which decays by electron
positron emission. The initial energies of the positrons range from several
hundred keV to tens of MeV, but only a small fraction annihilave at these
high energies, The bulk of the positrons slow down to energies comparable
to those of the ambient electrons, where annihilation takes place either
directly or via positronium (Wang and Ramaty 1975, Crannell et al. 1976).
Positronium is formed by radiative combination with free electrons and by
charge exchange with neutral hydrogen; 25 percent of the positronium atoms
are in the singlet state and 75 percent in the triplet state. Singlet
positronium annihilation and direct annihilation produce a line at 0.5]7 MeV.
Triplet positronium annihilates into three photons which form a continuum
below 0.511 MeV provided that the ambient density is less than ~ 10} ® &m'é;
in this case positronium atoms can annihilate before they are broken up
by collisions. It would, however, be difficult to observe this continuum in

the presence of very intense hard X-ray emission from flares.
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The width of the 0.511 MeV line from solar flares depends on the
temperature of the annihilation region, and could range from a few keV to
several tens of keY, depending on whether the annihilation takes place
predominantly in the cool photosphere or the hot flare plasma, Observations
with high energy resolution could thus determine the positron annihilation
site, hut no such observations are yet available, The 0S0-7 observations
have only set an upper limit (~ 40 keV} on the 0.511 MeV line width, and
while the gamma ray spectrometer on SMM is wuch more sensitive than that on
0S0-7, its energy resolution is about the same. The Ge detector on HEAO-B;
which observed the 2,223 MeV Tine from the November 9, 1979 flare, was not
sensitive enough to solar gamma rays at lower energies to detect the line
at 0.511 MeV, e hope that the necessary high resolution observations will

he carried out during the next solar maximum around 1990,

Energetic particle reactions also lead to many other lines, resulting
from deexcitation of nuclear levels. The two strongest lines, at 4.44 and
6.13 MeV due to 12C* and 180* deexcitation respectively, were observed
(Chupp et al. 1973) from the solar flare of August 4, 1972, Future measure-
ments of flare spectra by higher resolution detectors should reveal many
more lines, as can be seen from Figure 1, which shows the theoretical
spectrum for the August 4 flare. The deexcitation Tines were obtained from
a Monte Cavlo calculation using excitation functions for ~» 100 nuclear lines
derived from either laboratory measurements or theoretical interpolations
and evaluations (Ramaty, Kozlovsky, and Lingenfelter 1979). The shapes of
the Tines are calculated by taking into account nuclear kinematics and data
on the differential cross sections of the reactions. The 2.223 and 0.511 MeV

Tines are based on separate calculations of neutron and positron production
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(Ramaty et al, 1975), and the bremsstrahlung, which contributes to the
underlying continuum, is taken from the calculations of Bai (1977). The
results of the calculation are binned into energy intervals ranging from

2 to 5 keV,

At the present, the most definite implications of these studies on
solar energetic particles concern the’timing of the acceleration, the
confinement of the particles at the Sun, and the electron-to-proton ratio

in the accelerated particles (Ramaty, Kozlovsky, and Lingenfelter 1975,
Chupp 1975, Ramaty 1979, Ramaty et al. 1980). It appears that the nuclei

are accelerated during or very soon after the flash phase of the flare,

that the gamma rays are produced by thick-target interactions, i.e., by

particles trapped at the Sun, and that the energy deposited by the nucleonic

component in the solar atmosphere is at most only several percent of the
total flare energy. From the analysis of the gamma ray line to continuum
ratio, it follows that the acceleration mechanism imparts at least an order
of magnitude more energy to the nucleonic component than to relativistic
glectrons, In this respect, this mechanism resembles galactic cosmic ray

acceleration.
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5: 111, THE GALACTIC CENTER 0,511 MEV LINE

g The richness of astronomy at 0.511 MeV is indicated byuthe great

variety of astrophysical positron production mechanisms, and by the many

astrophysical sites where such mechanisms could operate, These include cosmic
A ray interactions in the interstellar medium (Meneguzzi and Reeves 1975,
Ramaty, Kozlovsky, and Lingenfelter 1979), radioactive decay in supernova
remnants (Clayton et al, 1969, Ramaty and Lingenfelter 1979), et - e pair
production in the strong magnetic fields of pulsars (Sturrock 1971, Sturrock
and Baker 1979), electromagnetic processes (Blandford 1976, Lovelace 1976)

and nuclear processes (Lingenfelter et al, 1978) in the vicinity of massive

black holes in galactic nuclei, and the evaporation of primordial black holes
(Okeke and Rees 1980). Because 0.511 MeV line emission has already been

L observed from the galactic center (Leventhal et al. 1978, 1980; Mahoney et
al. 1980), we devote this section to the discussion of the possible origins

of this emission.

A potential source for the 0.511 MeV line from the galactic center is
energetic particle reactions. As we have seen, this mechanism can produce
sufficient positrons to account for the observed 0,511 MeV line from solar
E | flares, and in the interstellar medium, cosmic ray interactions are known to
E produce the observed positrons in the galactic cosmic rays (e.g., Ramaty 1974).
L But for the galactic center, energetic particles and cosmic rays appear to be
responsible for only a small fraction of the observed 0.511 MeV line
(Ramaty and Lingenfelter 1979), since positron production by energetic
particles is accompanied by a variety ui other emissions.

In particular, subrelativistic particle interactions should lead

to 4.4 MeV line emission from }!3C deexcitations and other nuclear lines in the 1 to
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2 MeV range mainly from Mg, Si. and Fe. The upper 1imits set on these

emissions from the galactic center by the gamia ray instrument on HEAO 1

! (Matteson, Nolan, and Peterson 1979) imply that energetic particles up to
: energies of about 100 MeV/nucleon could produce not more than about 20 percent
h of the observed 0.511 MeV line intensity. An even more stringent limit can be

| set on the contribution of higher energy particles or cnsmic rays which would

produce positrons from g decay. Since the production of mmesons is
accompanied by the production of n® mesons which decay into high energy gamma
rays, the gamma ray observations (> 100 MeV) of SAS II and CosB limit the
contribution of cosmic rays to not more than about 2 percent of the observed

0.511 MeV line from the galactic center.

!
The s*rongest constraints on the origin of the 0.511 MeV 1line from the %:
galactic center at the present, however, come from recent observations with the i
Ge spectrometer on HEAD-3. These observations indicate that the source of !
the 0.511 MeV 1line is confined to an angular size smaller-than the 30% FWHM
' of the detector (Mahoney et al. 1980), that the centroid of the source is
within a few degrees of the galactic center (G. Riegler, private communication

1980), and that the emission is very likely time variable (Riegler et al. 1980).'

More specifically, the 0.511 MeV line was observed by the HEAO-3 detector during |
a scan of the galactic plane in the fall of 1979, but was not seen by this '}

detector in a subsequent scan 6 months later. These observetions suggest

that the 0.511 MeV line is probably produced by a discrete object at the galactic}
center, and that the size of the e+ annihilation region does not exceed about 1 |

Jight year.
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" This conclusion is consistent with &n'eartier''inferéiice on the naturé
of the annihilscion region’(Bussdrd; Ramaty, and Drachiman’ 1979), basad on
the very narrow observed Width of the 0.511 MeV Tine. These authors showed
that the observed line shape suggests that the annihilation site of the
positrons is a relatively Tow density, partially jonized gas of temperature
less than ~ 10°K. This argument is based on the fact that in a cold and
neutral medium (e.g., dark interstellar clouds) the line width would be
larger than observed. In such a medium, the line is Doppler broadened, not
by the thermal motions of the medium, but by the velocities of the positrons
forming positronium atoms in flight by charge exchange with neutral H. This
leads to a width that exceeds the observed line width (See Figure 2). In a
partially jonized gas (ne » 0.) "H)’ nn the other hand, the positron energy
Tosses to the plasma aré'high enough to thermalize the positrons before they
annihilate or form positronium. In this vase, the line width does reflect the
temperature of the medium and leads to a narrower width consistent with the
observations. This can be seen in Figure 2 (Bussard et al. 1979, R. W. Bussard,

private communication 1979).

An annihilation region of such nature can be found in the central 1light
year of the galaxy, in the warm clouds of ionized gas within Sgr, A West,
These clouds, observed in an infrared fine-structufe 1ine of Ne II (Lacy et al.
1979, 1980), orbit the galactic center at distances of the order of a light
year, and have temperatures, ionization states, and densities of the right
magnitude to account for the observed Width of the’gamma ray line aﬁd for the
observed continuum from triplet positronium annihilation (LeVentha] et al. 1978).
According to a recent calculation (Ramaty, Leiter and Lingenfelter 1981), e+- e

pairs emitted from a central object, could stop and annihilate in these
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IR clouds, to produce the observed 0,511 MeV 1ine. The source size would then
be of the order of a 1ight year, consistent with the time variability data,
and it would appear piint-1ike to al) prusently employed or planned gamma

ray detectors.

The observed 0.511 MeV line intensity from the galactic center requires
the production of ~ 2 x 108% e+/sec (e.g., Ramaty and Lingenfelter 1979),
and the apparent time variability implies a single source. It is unlikely
that this object is a pulsar, since the rate of positron production in
pulsars is not expected to exceed about 10‘;he+/sec (Sturrock and Baker
1979), A single Type I supernova (see Section V) would be a better candidate
since it could produce sufficient positrons by explosive nucleosynthesis via
the decay chain 8Ni - 58Co » 5®Fe, But it is difficult to see how a supernova

would produce a variable positron output as suggested by the observations.

One object that might produce such variability is (Ramaty,
Leiter and Lingenfelter 1981) a massive, rapidly rotating Kerr black
hole (Thorne 1974). Based on the distributions of the velocities of
the IR-emitting clouds within the central parsec, Lacy et al, (1979, 1980)
suggest the existence of a black hole of several million solar masses at
the galactic center. Accretion of matter onto this hole should form a
disk around it. Powered by the gravitational energy of infalling matter,
this accretion disk is expected to radiate in the ultraviolet to produce
the ~ 2 x 10°° photons/sec required for the ionization of the clouds. The
lower limit on the_bo1qmetric luminosity of the accretion disk is thus

~ 4 x 10%° erg/sec_(Lacy et al. 1980).
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The disk can also emit nonthermally., If it has an ordered componer. Jf
magnetic field, dynamo action (Blandford 1976, Lovelace 1976) caused by
rotation can produce a large electric field which could initiate a photon
and e¥ - ¢ pair cascade (Lovelace, MacAuslan, and Burns 1979, Blandford
1979). Depending on the cptical depth of the cascade region, the pairs that
ultimately escape can have a range of kinetic energies, For a given total
cascade energy, the number of escaping pairs is c¢lose to maximum if the
bulk of them have kinetic energies close to mc®, In this case, to produce
~2x170% e - e” pairs/sec, as requirea by the 0.511 MeV observations,
the pair luminosity has to be ~ 6 x 10?7 erg/sec. If an equal Tuminosity
is contained in continuum photons that accompany the pairs (probably hard
X-rays), the total nonthermal Tuminosity shoulu be ~ 10°® erg/sec, This
is no more than a few percent of the bolometric luminosity, and is of the
samg order as the hard X-ray luminosity of ~ 10°® erg/sec from the central

region of the galaxy (Leventhal et al. 1980, Dennis et al. 1980).

A massive black hole at the galactic center could thus be consistent
with infrared hard X-ray and 0.517 MeV observations. It is necessary,
however, to establish much more precisely the nature of the 0.51] MeV
line variability and its correlation with other emissions, in
particular the hard X-rays which may be produced by the same source. Obser-
vations with the GRO, in particular with GRSE which has good sensitivity down
to ~ 20 keV, should help confirm this very exciting possibility for the origin

of the 0.511 MeV line from the galactic center.
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Iv. LINES FROM GAMMA RAY TRANSIENTS

Despite more than a decade of observations, the origin of gamma ray
bursts and other ganma ray transients remains unsolved. The observed
distribution of the number of bursts as a function of apparent Tuminosity
(Tog N varsus log S) favors a galactic origin for the buik of the bursts
(Fishman et al. 1978, Jennings and White 1980), but it is not clear what
population oy populations of galactic objects are responsible for them,
Moreover, the first burst whose source position has been well determined,
the March 5, 1979 event (Barat et al. 1979, Cline et al. 1980, Evans et al.
1980, Mazets et al. 1979), appears to be extragalactic (Cline 1980) since
its positional error box lies within the supernova remnant N49 in the Large
Magelianic Cloud (LMC). This burst, however, is exceptional and could
belong to a different class of gamma ray transiernts than the more commonly
observed galactic gamma ray bursts. This follows from the unique charac-
teristics of the March 5 event which include the extremely rapid rise time
(< 2 x 10-* sec} of the impulsive emission, the relatively short duration
(~ 0.15 sec) and high Tuminosity of this emission spike, the 8-sec pulsed
emission following the impulsive spike, and the subsequent outbursts (Mazets
and Golenetskii 1981) of lower intensity from apparently the same source
direction on March 6, April 4, and April 24, 1979, No other gamma ray
burst shows all these characteristics (Cline 1980), and no other burst
position coincides with likely candidate objects. Thus, while the March 5,
1979 everi: has generated much excitement, it has not solved the origin of

the gamma ray bursts.
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