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ABSTRACT

New photographic observations of meteors in the brightness range — 5 > M, > — 18 (?)and with
a median value of M = — 8-5 have yielded orbits with a precision of better than 1° in the angular
elements and of about 0-05 in e and 1/a. A comparison of 100 of these fireball orbits with Super-
Schmidt orbits shows:

(1) A class of orbits, comprising about 25 % of the faint meteors, of long period, is almost com-
pletely absent among the fireballs.

(2) Small perihelion distances (g < 0-2 AU) are not found. A maximum at ¢ ~ 0-7 AU, which also
appears in the Super-Schmidt orbits of short period, corresponds to the perihelion distances of all
but two of the Apollo objects.

(3) The distribution of aphelia shows a marked decrease at Jupiter when compared to a similar
distribution of small, faint meteor orbits. With the existing material, we cannot determine whether
this represents an important evolutionary distinction between meteoroids of different mass or is
simply the result of an inappropriate choice of the division between ‘large’ and ‘small’ orbits in the
faint meteor data.

Provisional values of the bulk density of 28 of the fireballs as determined from the photometric
mass and the observed mass-area ratio indicate that these meteoroids do not differ significantly from
those observed with the Super-Schmidt cameras. Evidence of gross fragmentation of these
large objects at high elevation and evidence of small or negligible terminal masses suggest that the
material is friable. There is no certain evidence that any appreciable fraction of fireballs is produced
by high-density, cohesive material.

If the above analysis is correct, we should expect an occasional (1 year-! 106 km-2?) meteorite
fall of discoverable size originating from a low-density meteoroid.

One set of observational quantities that may be used to determine the six orbital
elements of the heliocentric orbit of a body is its simultaneous position and velocity
components. Most photographic observations of meteors, for whatever purpose they
are made, contain within them the necessary ingredients to determine a (vector)
velocity with respect to the Earth. The components of this observed velocity due to
gravity and the Earth’s diurnal and orbital motions are readily removed, giving the
necessary heliocentric velocity. Errors in the observed direction of motion (apparent
radiant) may be as small as a few minutes of arc, and those of speed (V,, velocity
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before sensible atmospheric retardation), less than 1%,. The position of the meteoroid
at the time of the observation is known with a precision unique in astronomy.

The orbits derived from the best observations have probable errors of the angular
elements of <1°, and of e and 1/a, of the order of 0-05. The literature today contains
orbital elements of this or somewhat less accuracy for approximately 1000 meteors
(see, e.g., Whipple, 1954; Jacchia and Whipple, 1961; Hawkins and Southworth,
1961; BabadZanov and Kramer, 1967). Less accurate but useful orbits are known for
an additional 2500 objects (McCrosky and Posen, 1961). The above references,
while not comprehensive, include the major meteor-orbit catalogs. Most of this
information has become available within the past decade.

The interpretation of these data, with regard to the ultimate aim of describing the
origin and history of these small bodies of the solar system, has not progressed at the .
same rate. Certainly more information is currently available about orbits than about
any other aspect of meteor astronomy and physics. Because of the ease and the pre-
cision with which orbits can be determined, observations in this field are well in advance
of theory. I do not know of any reasonable surmise or hypothesis that requires for its
verification either more or better orbits of meteors in the brightness range —5<M <35.

This is true, in part, because many of the most interesting questions of origins also
involve questions of composition and structure. A full interpretation of orbits, then,
depends on simultaneous physical observations and on an adequate physical theory of
meteors.

Eventually, of course, histories and origins must be discussed in terms of planetary
perturbations and physical effects that govern the lifetime of the particles. This will
not be accomplished by extrapolating existing orbits into the past, but rather by
locating an appropriate source in the solar system and by tracing it forward in time to
demonstrate that what is now observed at Earth is a reasonable expectation of all the
processes that govern the past history of the material. The observed orbits may
suggest a source of the meteoritic material, and they certainly supply the major
boundary conditions to be met by any theory, but, in a very general sense, we investi-
gate meteor orbits not so much to answer questions as to learn what questions to ask.
However, none of this should suggest that orbits alone cannot give some specific
insight to the problem of origin. For example, the association between meteor showers
and comets is well known. More than half the showers recognized with certainty in
photographic data are associated with known comets, and more than half the comets
that might be expected to produce showers, say those with orbits approaching within
0-1 AU of the Earth’s orbit, have produced at least a few meteors. The comet-meteor
relationship is unmistakable.

A second conclusive result from optical orbits relating to their origin is specified
by the essentially complete absence of hyperbolic orbits. Jacchia and Whipple (1961)
have placed an upper limit of 1% on the occurrence of such orbits and have amply
demonstrated the soundness of this limit. Let me here take advantage of my special

https://doi.org/10.1017/50074180900019823 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900019823

ORBITS OF PHOTOGRAPHIC METEORS 267

position as the producer of the largest number of photographic ‘hyperbolic’ orbits to
suggest that the primary value of such orbits is the determination of the accuracy of
the observations and the reduction procedures, rather than the determination of the
origin of the meteor.

For a variety of reasons, none of which may be valid, the asteroids have also been
considered a source of meteors and, in particular, of meteorites. For these objects, we
have been almost completely uninhibited by observations that might serve as boundary
conditions. I have been attempting to fill that gap in our knowledge during the past 3
years. Very briefly, we have operated a 16-station network (Prairie Network) of
cameras in the midwestern U.S. (McCrosky and Boeschenstein, 1965) that continuously
observes an area of about 1-5x 10® km?. Each station contains four cameras (f/6
and 150-mm focal length) that together cover essentially the entire sky as seen from
that station at elevations above 10°. The base line between the stations is 225 km.
Chopping shutters and timing devices permit us to determine velocities and radiants
with accuracies better than 19, and 30 min, respectively.

I include in Table 1 in this paper 100 new photographic fireball orbits derived from
these observations in the past 3 years. These data are for fireballs with maximum light
between M = —5 and, perhaps, M = —18. The median value is M = —8-5. In general,
these 100 objects represent the brightest and best observed of the present sample of
500 sporadic meteors that have been photographed. However, a few poorly observed
but very interesting objects with substantially larger errors than quoted above have been
included in the list and are so labeled.

The meteor duration also plays some role in the selection process. Meteors of
duration less than 1 sec generally do not supply the timing information required for
a good orbit, and a small percentage of objects that are bright but of short duration
have not been reduced. Readily identified shower meteors have also been excluded
unless they were of exceptional brightness or duration. It is true, however, that most
shower meteors do not meet the criterion of 1-sec duration.

An additional bias in the observations is introduced because of the great base line
between the stations and the concomitant importance of large atmospheric absorption
affecting the meteors at large zenith distances. High-velocity objects have a substan-
tially better chance of being observed from two stations because of their greater
altitude. Meteors of low luminosity and near the limit of our system can be photo-
graphed from two stations only if they occur in a rather small region, about half way
between two of the stations. These biases can be accounted for with some accuracy
when our statistics warrant it; they are not important for the present analysis.

In the absence of reliable velocity information on very bright objects, Whipple and
Hughes (1955), following the work of Newton (1888), analyzed the elongations, A of
the geocentric radiants from the earth’s apex. They compared the frequency distribu-
tion for various brightness classes of objects: photographic meteors, M~ — 2 (small-

‘Camera meteors); fainter fireballs, M~ —5; great fireballs, M~ —12; detonating
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bolides; and meteorite-producing events. The distributions could be considered
bimodal, with the minor mode at A=40° becoming progressively weaker with in-
creasing brightness and disappearing altogether for the bolides and meteorites. The
median value of A for the major mode increased from 90° to 130° with a convincing,
if not perfect, regularity as the event brightness increased. The authors, at least by
implication, suggested that the major mode was comprised of two distribution func-
tions derived from separate sources. One distribution source, with a slightly larger
mean value of A, becomes progressively more important with increasing body size,
thus producing the observed trend.

The simplest explanation for the distributions is that there are three sources of
meteors, each with its own number-magnitude relationship. Whipple and Hughes
suggested, as a working hypothesis, the asteroids as a source for the meteorites and
long-period comets as a source for the objects of small elongation. Short-period
comets are the source for the majority of the photographic meteors. We can extend
the accurate data to both brighter and fainter objects today.

The data on the faintest photographic meteors have been obtained from the Super-
Schmidt meteor cameras of the Harvard Meteor Project. The distribution of the
Super-Schmidt sporadic meteors, as derived from McCrosky and Posen meteor data,
is shown in Figure 1. The fact that the low elongation peak does not stand out so
clearly as it did in the small-camera photographic data may be. significant, but it is
more likely a result of the often-noted selectivity employed in choosing meteors for
reduction from the small-camera data. The blending together of the two groups in
these newer data makes the distinction between the two classes less obvious than before,
but in fact, new information on the physical characteristics of these bodies from the
Super-Schmidt material makes it easier to distinguish the two groups. Jacchia (1958)
has shown that there is a significant difference in the beginning heights of meteors in
these two classes. Jacchia chose as the dividing line between the two groups an aphelion
distance of 7 AU, although the size of the orbit, as measured by the semi-major axis,
might as well have been chosen. Verniani (1964) has demonstrated that the bulk
density of these two classes is also statistically different.

Additional evidence of a distinction between the two classes of orbits is given by the
distribution of elongation for the Prairie Network objects in Figure 1. The remarkable
cutoff at 1=70° in the fireball data is not apparent in the visual data assembled by
Whipple and Hughes, but this is almost certainly a result of the larger observational
errors in that material rather-than of a real physical effect. The Prairie Network data,
diffused by a normal error function with a standard error of 10°, closely resemble the
distribution of the great fireballs given in the visual observations.

Any uncertainty that may have arisen from the visual data that Whipple and
Hughes were forced to use has been removed. The number-magnitude relationship
for the two classes of orbits is sufficiently different to suggest that either different
origins or different histories are involved. The problem would be greatly simplified at
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F1G. 1. Distributions of geocentric elongation of radiant for Prairie Network, McCrosky-Posen
sporadics, and Hawkins-Southworth large orbits.

this point if we could somehow demonstrate that comets and asteroids were the
respective sources of the two groups. (Note that the distributions of elongation in the
Prairie Network and the meteorite data of Whipple and Hughes need not be similar,
even though the source is the same. The Prairie Network observations, necessarily
limited to nighttime hours, should be expected to peak at a lower elongation.)
However, the exhaustive work of Jacchia et al. (1967) demonstrates that this is not
true for smaller objects. Since we can divide the faint meteor data into two groups by
some rational means and can demonstrate that the distributions of orbital elements of
these faint meteors and the bright meteors are similar, there is even less motivation
for making the gross assumption that bright objects are of asteroidal origin.

Figure 2 is a plot of the Jacchia and Whipple orbits as a function of elongation and

https://doi.org/10.1017/50074180900019823 Published online by Cambridge University Press


https://doi.org/10.1017/S0074180900019823

ORBITS OF PHOTOGRAPHIC METEORS 273

heliocentric velocity, in which we can readily see the distinction between the two
groups. I have chosen ¥}, 39-8 (ax 5 AU) as a reasonable dividing line. The absence
of meteors of large a and large A simply demonstrates that brightness is a strong
function of geocentric velocity. The smoothed distribution of A for large orbits as
taken from the statistical sample of Super-Schmidt data of Hawkins and Southworth
is shown in Figure 1.

The small orbits, in the triangular array at > 55° in Figure 2, are direct orbits of
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FIG. 2. Geocentric elongation of radiant vs. heliocentric velocity for Jacchia- Whipple precision
orbits.

low inclination. The physical limit of perihelion distance is shown by the line on the
left; a second seemingly significant limit is shown at g=0-2 AU, beyond which only
a few sporadic objects and the Geminids, é Aquarids, and Quadrantids occur.
Figure 3 is a similar plot of the Prairie Network data.

By limiting the observations to fireballs, we can almost eliminate the low-elongation
group. To search for orbital differences between faint meteors and the fireballs of
small a, I compared the Hawkins-Southworth sporadic meteors with a<5 AU with
the similar group of Prairie Network objects. Figure 4a, presenting the distribution of
inclinations, shows no suggestion of a significant difference between the two brightness
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F1G. 3. Geocentric elongation of radiant vs. heliocentric velocity for 100 Prairie Network orbits.

classes. The median value of inclination for each of these groups is of the order of
10°, about half that of the value for the distribution of all Super-Schmidt meteors.

Figure 4b shows the distribution of aphelion distances. The considerably greater
tail of objects with aphelia outside Jupiter’s orbit for the fainter meteors should
perhaps be interpreted as a result of our simple and inexact dividing line between the
two groups; i.e. nature has divided the objects more carefully by brightness than I
have been able to do by their orbital elements. In any case, the difference between the
two distributions is almost certainly more exaggerated than is shown in the diagram,
since a number of Prairie Network meteors with ¢’>5-2 must result from some
observational error and diffusion from the substantial peak at smaller values of ¢'.
Indeed, the decrease in the number of orbits with aphelia just beyond Jupiter is suf-
ficiently striking to suggest that ¢’~52 AU may represent the most significant
dividing line between two types of objects.

In Figure 4c it is seen that although the eccentricities follow the same general
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FiG. 4. Distribution of orbital elements of Hawkins-Southworth ( \) and Prairie Network (1)
meteors witha << 5 AU for: (a) i, inclination; (b) (q’)-112, ¢’ = aphelion distances; (c) e, eccentricity;
and (d) q, perihelion distances.

trend, brighter objects have slightly less: eccentric orbits on the average. Again, this
probably indicates some contamination in the selection of faint meteors. The simi-
larity between the two eccentricity distributions is more remarkable than their differ-
ences.

Itisin the perihelion distances, Figure 4d, that we see the greatest similarity between
the two distributions. The peak near g=1 is, of course, due to an observational
selection effect, associated with the high probability of collision with the Earth for
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bodies with this perihelion distance. If these curves were corrected for this bias, they
would both show a gentle rise from 0 to 0-75, followed by a sharp decline to g=1.
This is certainly the major characteristic of these orbits that requires explanation.
All the Earth-crossing asteroids except Adonis and Icarus have perihelia between 0-65
and 0-89. Whether or not the Apollo asteroids are generically related to the fireballs,
it seems probable that these two groups of objects have something in common in
their histories. Incidentally, the distribution of perihelion distances for Super-
Schmidt meteors as a whole shows the number of meteors increasing monotonicaily
and almost parabolically with increasing ¢g. By eliminating large orbits, we have
preferentially eliminated a large number of those with ¢>0-8.

The small peak in both distributions in the vicinity of g=0-4 may be associated
with an extended Taurid shower. The fireball data include a number of objects,
occurring as late as mid-January, with values of g and e appropriate for either of the
Taurid streams. I am reluctant to be definite about this association until such time as
we have more data on objects occurring in December and January that may permit us
to demonstrate a general trend in the elements and the radiant.

The absence of fireballs with g <0-2 is associated with the absence of objects with
elongation between 60° and 70°. As yet, our data are too few to be certain that the
absence is statistically significant.

In summary, a difference between the distributions of elements of the bright and
faint objects does exist, but the similarities are even more striking. It will require strong
evidence to the contrary for me to refrain from concluding that these two groups of
objects, the faint Super-Schmidt meteors of a <5 (or, perhaps, ¢’ <5-2) and the bright
fireballs with similar-sized orbits, do not have a generic relationship.

There remains the possibility that the fireball orbits are only by coincidence similar
to the short-period faint meteors and that they are, in fact, derived from different
sources. In support of such an argument, we can note that the mean value of 1/a
increases with increasing magnitude for Super-Schmidt data (Kresdk, 1964) or that,
when comparing either of the small-camera meteor samples (Whipple, 1954;
BabadZanov and Kramer, 1967) with Super-Schmidt data, the same kind of effect
is seen. However, both such comparisons are made on a relatively short base line of
brightness where any slight selection effect may prove disruptive to the analysis. Of
course, it is not impossible for the derivative of the ratio of large to small orbits to
change sign, but it is somewhat disturbing to find that this happens to occur at just
that point on the magnitude scale where meteor observations are relatively easy to
make.

If the fireballs are derived from a different source — particularly from asteroids — the
difference will be detectable in the physical characteristics (Cook et al., 1963). A
major purpose of the Prairie Network is to bring under observation high-density
asteroidal material in an attempt to learn something of their orbits and origin and to
improve our understanding of the physics of the atmospheric-entry problem by
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investigating material of relatively well-known density and with some structural
integrity. These statements imply a number of assumptions that are not uniformly
agreed to, for example:

~ (1) “Brighter, and presumably larger, meteors will give a better sample of high-
density asteroidal material.”” There is no certain observational evidence to confirm this.

(2) ““‘High-density objects, and particularly meteorites, are of asteroidal origin.
Low-density material does not produce meteorites and is derived from comets.”
Although I wish to discuss apparent densities of these bright meteors, I see no re-
quirement in the present data that impels us to reject Opik’s (1966) cometary origin
for meteoritic stones, or similarly to reject an asteroidal origin (Whipple, 1967) for
some material of weak structure or even of low density. In short, my comments on
structure are not to be construed as comments on origin.

(3) “Trajectory and luminosity data of large bodies can be treated within the
framework of faint meteor physics.” I do not believe this statement in detail, but I
will, in a later paper, present arguments to substantiate my view that the existing
theory offers a reasonable starting point to which perturbations to the present theory
can be applied.

I will present here only a summary of preliminary results for 28 of the meteors for
which orbits are given. Complete photometry and trajectory data are available for
these and will be published in their entirety elsewhere. Because of the increased range
and poor-quality optics, neither the trajectory data nor the photometry data can
compare with the Super-Schmidt material. Nevertheless, photometry is thought to
be accurate to 0-5 mag, on the average. The long lifetime of the meteor makes up in
part for the poorer measures of trajectory. Decelerations determined over trajectory
arcs of from 1 to 2 sec of time have internal probable errors of 10 % of the value of
the deceleration.

Let us combine the drag equation and the photometric mass equations

m IpV?
= =, 1
' A vV M
and
2! dt 2
"= To y:

where m=mass of meteoroid, A=frontal area, I'=Cp/2=drag coefficient,
p=atmospheric density, V= velocity, V=dV/dt, t,=luminous efficiency, and
I=intensity (M= —2-51log I). If we further assume the body to be spherical,
we can formally derive a bulk density, 9,

7 3N1/2
5=(l77&> . 3)

m
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This density is an upper limit, insofar as the terminal mass of the body is assumed
negligible. When more than one determination of § can be made for a meteor, either
from separate photographs or from different portions of the trajectory, the agreement
of the values is not outstanding. Variations by a factor of 3 are observed, presumably
reflecting the great weight placed on v, which depends on the second derivative of the
observations. The remarkable fact is, however, that of these 28 meteors, including
over 100 density determinations, none yielded a density, as determined by Equation
(3), in excess of 1-:2 gm cm ™ 3. The average value of about 0-4 is essentially the same
as that determined by Verniani for Super-Schmidt meteors. If we wish to believe that
an appreciable fraction of meteors of —8 mag have high densities, it would appear
that either we must call upon a similar error in the theory and analysis applicable to
both faint and bright meteors or we must resolve the problem by detecting errors in
the bright-meteor analysis that, by chance, produced dust-ball densities.

It is unrealistic to suggest that the value of luminous efficiency used, as derived
from observations of natural and artificial meteors, is in error by 2 orders of magnitude,
or that the shapes of these objects depart from a sphere to such an extent that the
observed densities are underestimated by a factor of 10. Nor is it likely that the values
of deceleration can be systematically in error by a factor of 5. Although a smaller
contribution from each of these possible errors could conceivably cause us to deter-
mine a gross underestimate of the density, it appears more prudent to accept the fact
that most large meteor bodies do not differ substantially in their structure from small
bodies. If this is the case, then our data suggest that, over the area of the Prairie
Network each year, one such low-density object with a terminal mass of the order of
5 kg should reach the ground. If the object can withstand impact, survive any rain
that occurs prior to discovery, and be recognized, I believe we have a reasonable
chance of recovering the meteorite. The argument concerning its asteroidal or cometary
origin can then continue unabated.
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DISCUSSION

Babadzanov: How did you determine the magnitude of your bright meteors?

McCrosky: Bright objects are generally observed from many stations, as many as 10. Photometry
is performed on film from a distant station. The extinction coefficient is determined from star trails.

Babadzanov: The distribution of the orbital elements of bright and faint meteors appears quite
similar. Do you think that this was the case even in the past?

McCrosky: Yes.

Halliday: 1 would like to compliment Dr. McCrosky on these fine results. When more data are
available I would like to see separate treatment of the objects brighter than about magnitude — 12
since I would not expect to find a large meteorite contribution among fainter objects. As for the
meteorite influx rates we find some encouragement in the fact that in 15 years of operation of our
Alberta stations there have been five meteorite recoveries from fireballs which were observable from
our stations.

McCrosky: Perhaps 15 objects of M < — 12 have been reduced for trajectory. In all cases, the
terminal velocity or the terminal ballistic coefficient (mass/area) indicates near complete ablation of
the initial body. I accept these observations as a strong indication of the friability of these meteoroids.
As for meteorite falls, we find some consolation in the fact that no meteorites have been recovered
by others in the Prairie Net region during the past 3 years.

Lindblad: Have you observed any cases of artificial satellite re-entry?

McCrosky: None. One object of V' = 10-8 km/sec when corrected for diurnal motion, just exceeds
escape velocity.

Ceplecha: You have found no appremable difference between bright and faint objects. There is
still a possibility to extrapolate down from the dense meteorite bodies to the Super-Schmidt objects,
which could be of the same nature.

McCrosky: I am completely open-minded about this possibility. I only note that very large changes
in existing theory are required.

Ceplecha: The disintegration into fragments or droplets due to atmosphere action could be present
also in the case where we assume a dense body penetrating the atmosphere.

McCrosky: Using the standard relationship between luminous efficiency and velocity, one can
show that ignoring fragmentation effects results in an increase in the bulk density; i.e. my densities
are probably safe upper limits.
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