J. 2 22151 T83HD

TR0

1197

THE ASTROPHYSICAL JOURNAL, 215:L53-L55, 1977 July 15
® 1977. The American Astronomical Society. All rights reserved. Printed in U.S.A.

NUCLEAR v-RAY LINES IN ACCRETION SOURCE SPECTRA

J. C. Hicpon
Cosmic Ray Working Group, Huygens Laboratory, Leiden, The Netherlands

AND

R. E. LINGENFELTER™
Departments of Astronomy and Earth and Space Sciences, University of California, Los Angeles
Received 1977 March 7; revised 1977 A pril 28

ABSTRACT

Gamma-ray line emission is calculated for thermonuclear excitation of very high-temperature
(1010-10'2 K)) ions which may exist in accreting matter around neutron stars and black holes. The
4.438 MeV line from 2C* de-excitation should be the easiest to observe in both the continuous and

transient emission spectra of such sources.
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Models of X- and y-ray emission from accreting neu-
tron stars (Shapiro and Salpeter 1975) and black holes
(Shapiro, Lightman, and Eardley 1976) involve trans-
ferring the gravitational energy of infalling ions, which
can have temperatures of >10" K, to cooler ~10° K
electrons which radiate the energy as X- and y-rays by
bremsstrahlung and Compton scattering. In this Letter
we consider direct y-ray line emission from the ions
themselves, resulting from thermonuclear excitation.
Ramaty, Borner, and Cohen (1973) estimated such line
emission in connection with positron annihilation radia-
tion for monoenergetic proton accretion onto neutron
star surfaces. But they did not consider thermal ion dis-
tributions applicable to more complex accretion models
such as those above. Dahlbacka, Chapline, and Weaver
(1974) have calculated high energy y-ray emission from
decay of pions produced by nuclear interaction of such
ions. But this emission, which peaks at ~20 MeV and
has a full width at half-maximum (FWHM) ~80 MeV,
appears to be significant only at the very highest tem-
peratures >10'2 K. As we shall show, significant nuclear
line emission can be produced at much lower ion tem-
peratures of 1010 to 10! K because of the lower thresh-
old energies of the excitation reactions.

We calculate, as a function of ion temperature, the
emissivity of the y-ray line at 4.438 MeV from de-
excitation of the first excited nuclear state of 12C. We
then consider the detectability of this line above the
continuum background and whether the line may al-
ready have been observed in the 1972 April 27 y-ray
burst spectrum, measured by Metzger ef al. (1974) on
Apollo 10,

Both observations (Chupp, Forrest, and Suri 1975;
Haymes et al. 1975) and theoretical studies (Ramaty,
Kozlovsky, and Lingenfelter 1975; Lingenfelter and
Ramaty 1976) of nuclear y-ray line emission in astro-
physical sites, such as solar flares and the interstellar

* This research was supported in part by National Science
Foundation grant AST 76-08178.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System

L53

medium, show that for relative abundances similar to
that of the Sun (Cameron, 1973) the most easily detected
nuclear de-excitation line is that at 4.438 MeV from
12C*, Emission lines at 0.847 and 1.238 MeV from %Fe,
1.369 MeV from #Mg, 1.634 MeV from 2°Ne, 1.779
MeV from %Si, 2.313 MeV from N, and 6.129 MeV
from 180, though less intense, may also be detectable.
In this Letter, however, we shall calculate only the emis-
sivity of the 4.438 MeV line from 12C*,

The 2C* production rate and hence the volume emis-
sivity of the 4.438 MeV line from de-excitation of *C*
(T2 = 5.6 X 10745) excited by thermonuclear inter-
actions in a hot Maxwellian plasma can be written (e.g.,
Clayton 1968):

Q = gn? = Z,Z; 4nfa.a;2mm) V(RT3 212
X Sy dEiiEoi(Ey) exp [—Eu/kT],

where % is the number density of hydrogen ions; a; and
a; are the relative abundances of the interacting nuclei,
in this case 7 is H and He and 7 is C and O; m is the pro-
ton mass, 7 is the ion temperature; E;; is the relative
kinetic energy of the 4th nuclel with respect to the jth;
oi;{Ei) is the cross section for exciting 12C; and u =
A;A(A; + A;)7, where A is the atomic mass number.
We calculate g for am = 1, age = 0.07, a¢c = 3.7 X 1074,
and ao = 6.7 X 10~ from Cameron (1973) and excita-
tion cross sections for the interactions 2C(H, H')*2C*,
12C(He, He’)2C*, ¥O(H, H He)2C*, and **O(He,
2He)!2C*, tabulated in Ramaty, Kozlovsky, and Lingen-
felter (1975). The resulting 4.438 MeV line emissivity ¢
is shown in Figure 1 as a function of ion temperature.
Interactions between H and C cause most of the emis-
sion. As can be seen, the emissivity rises rapidly to a
broad maximum of ~5 X 10~y cm—% s~'#~2 at about
101 K.

The detectability of this 4.438 MeV emission depends
on the line width and on the relative intensity of other


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1977ApJ...215L..53H&amp;db_key=AST

018 T T

q

,0-[9 -

{0'20 -

{photons /cm3sec n?)

Io-?l L

4438 Mev GAMMA RAY LINE EMISSIVITY

104 100 Io" lo2
ION TEMPERATURE (K)

F16. 1.—Emissivity of the 4.438 MeV y-ray line from de-excita-
tion of *C* produced in thermonuclear interactions as a function
of ion temperature.

emission processes, particularly electron bremsstrahlung
and Compton scattering, which constitute the back-
ground continuum. The line width depends on the
velocity distribution of the excited 2C*. This is essen-
tially the same as that of unexcited 12C, since the aver-
age kinetic energy exchanged in excitation interactions
between H and C nuclei is less than 0.08 2T. Thus, as-
suming a Maxwellian distribution, the line full width at
half-maximum in MeV (FWHM) =9 X 10~7TV3(K),
which gives FWHM of 0.1 to 0.3 MeV for T between
10 and 10 K. Therefore because of thermal broaden-
ing the differential emissivity of the line (g/FWHM)
reaches a broad maximum of ~10~%y cm—3 s~ MeV—!
»n~?% starting at a temperature of ~3 X 1010 K.

In addition, emission lines from the vicinity of highly
condensed objects are gravitationally redshifted and also
gravitationally broadened, if the gravitational potential
varies significantly over the emission volume. For exam-
ple, in the Shapiro and Salpeter (1975) model of accre-
tion onto neutron stars, the bulk of the emission takes
place very near the star surface. The 4.438 MeV line
would thus be redshifted anywhere from 0.1 MeV for a
neutron star of 0.2 M to as much as ~2 MeV or more
for masses >1 M, (Borner and Cohen 1973). Since the
emission region is relatively thin compared to the neu-
tron star radius (~10%), the gravitational broadening
of the line would likewise be only a fraction (~109,) of
the redshift, though it still could be comparable to the
thermal broadening.

In the Shapiro, Lightman, and Eardley (1976) model
of an accretion disk around a black hole, on the other
hand, the emission volume is much thicker than GM/c2,
so that the gravitational broadening exceeds the mean
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redshift. The same would, of course, be true for an ac-
cretion disk around a neutron star. They calculate an
inner radius of the high-temperature ion emission region
at 6GM /¢? and an outer of 28GM /¢2, so that in the weak
field approximation where Z = GM/c? the 4.438 line
would be gravitationally redshifted by an average Z of
~0.1 to ~3.99 MeV and broadened by AZ =~ 0.13 to
FWHM = 0.58 MeV. Unlike thermal broadening, how-
ever, gravitational broadening is not symmetrical but
essentially reflects the radial dependence of #2 High-
resolution measurements of line profiles could therefore
provide information on the spatial distribution of the
ion density in the accretion disk.

Because of the large thermal and gravitational line
width as well as the gravitational redshift, resonant
scattering of the resultant y-ray line emission should
not be significant.

It should be noted in passing that since the thermal
energy is derived from the gravitational energy, the
thermal broadening and average gravitational redshift
can be crudely related. In particular kT < GMm/7 ~
Zmc?, so that for the 4.438 MeV line FWHM < 10712
MeV. The specific cases above, of course, satisfy this
condition.

Observation of the 4.438 MeV line requires that its
differential emissivity gn?/FWHM be at least compar-
able to that of the continuum at the line emission en-
ergy. Depending on the details of the accretion process
the continuum emission at the line energy could be pri-
marily produced either by thermal bremsstrahlung or by
Compton scattering. If Compton scattering of low-
energy photons by near relativistic electrons is an irn-
portant source of the continuum, as in the models dis-
cussed above, the differential emissivity of the line
would exceed the calculated continuum if #e/n, > 3 X
10~2 This is roughly two orders of magnitude above
solar values, but could easily be obtained with accretion
of cometary material, as has been suggested (Harwit
and Salpeter 1973) as a possible cause of y-ray bursts.
If, on the other hand, the background continuum is
thermal electron bremsstrahlung, then the differential
emissivity of the 4.438 MeV line exceeds that of the con-
tinuum if Tien > 10K > T,. This condition is not
strongly dependent on the assumed composition.

The detectability of nuclear line emission above either
a Compton-scattered or a thermal bremsstrahlung con-
tinuum could be significantly enhanced by the existence
of magnetic fields in the emission region which increase
the energy loss rate of the high-energy electrons, and
thus decrease the high-energy continuum emission rela-
tive to the line emission. However, if the magnetic field
exceeds 102 gauss as may happen at the surface of rela-
tively young (<107 yr) neutron stars, then the 4.438
MeV line would be greatly attenuated by pair produc-
tion in such fields (e.g., Erber 1966). Obviously, more
detailed calculations of line emission need to be made
in conjunction with specific continuum emission models.
But even the crude estimates made here clearly suggest
that nuclear lines may be observable with future de-
tectors which extend measurements of X-ray source
spectra up to several MeV.

Finally, we consider whether the 4.438 MeV line
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might already have been observed in the spectrum of
the 1972 April 27 y-ray burst measured (Metzger ef al.
1974) on Apollo 16. The energy spectrum of this burst
shows an enhanced emission at about 4 MeV, which it is
tempting to attribute to broadened and perhaps red-
shifted line emission at 4.438 MeV. But the measured
intensity in this energy range is unfortunately not high
enough to permit resolution of such a line with any
statistical significance (Metzger 1977, private communi-
cation). Previously Metzger ef al. (1974) concluded that
the enhancement could not be 4.438 MeV line emission
because it was too broad, but the expected widths of
nuclear lines from accreting matter around neutron
stars and black holes, discussed above, no longer make
such a width unreasonable.

In conclusion, we have shown that detectable nuclear
4.438 MeV line emission should be observable from
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12C* excited by thermonuclear interactions in accreting
matter around neutron stars and black holes. Future
observations of both continuous and transient X- and
y-ray source spectra above ~0.5 MeV with an energy
resolution of at least a few percent, should permit de-
tection of the 4.438 MeV and perhaps other nuclear
lines. Moreover, the determination of the broadening
and redshift of such lines could provide unique informa-
tion on the ion temperature and the radial density dis-
tribution of matter accreting on neutron stars and black
holes.

We wish to thank Dr. Albert E. Metzger of the Jet
Propulsion Laboratory for making available raw data
on the y-ray burst spectrum from Apollo 16, and Dr.
Reuven Ramaty of NASA Goddard Space Flight Center
for valuable comments.
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