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REPLY TO SOTER

L. A. Frank, J. B. Sigwarth, and J. D. Craven

Department of Physics and Astronomy, The University of Iowa, Iowa City, Iowa 52242

Soter (1986) claims that the detection rate of
the small comets proposed by Frank et al. (1986a)
must be about 250 events per hour with the M.I.T.
space surveillance telescope (Taff, 1981; 1986).
We find that Soter grossly overestimates this de-
tection rate by not recognizing the importance of
(1) the minimum of cometary fluxes during the ob-
serving period with the telescope and (2) the
broad range of possible physical properties of
these small comets.

We first establish the overall character of
the temporal varliation of the fluxes of the pro-
posed small comets during the period of early No-
vember through late-January. A correlation of
this variation with that for radar meteor rates
is then used to firmly associate the objects ob-
served by Dynamics Explorer 1 with an extrater-
restrial origin. We next examine the expected
range of physical properties and estimate the
brightness of these objects. From considerations
of these temporal variations and physical proper-
ties we find that the most probeble range for the
detection rate for these small comets is ~ 0.1 to
1 event/hour with the M.I.T. surveillance tele-
scope during January. These rates are not incon-
sistent with the observations with the optical
telescope.

We begin with a discussion of the temporal
variations of comet fluxes in the vicinity of the
earth. Because of the requirement to observe the
same area in the -earth's sunlit hemisphere for an
extended period of time, ~ months, and the con-
flicting constraints of the motion of the space-
craft's apogee in latitude and the orbital plane
in 1local time, the determination of temporal
variations is difficult. Additionally the telem-
etry coverage for the spacecraft must be excep—
tionally good due to the low occurrence rates of
the atmospheric holes. However one such period
of observations occurs during 1 November 1981
through 21 January -1982. The occurrence rates
are determined for an area bounded by earth-
centered solar-ecliptic latitudes 30° { Bgg < 90°
and longitudes 285° < ¢gp < 315°, i.e., at moder-
ate and high latitudes over the Northern Hemi-
sphere in the local morning sector. The corre-
gsponding area is 1.1 x 107 km2, The area of in-
terest is partitioned into 24 smaller and equal
areas. If the viewing from the spacecraft does
not cover the entire area in a single 1image then
the occurrence rate 1s determined by finding the
rate for the fraction of the 24 area segments in
view and subsequently normalizing to the compos-
ite area. The criterion for identification of an
atmospheric hole remains identical to that em-
ployed for previpus studies, i.e., a decrease in
intensity corresponding to a decrease 1in sensor
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count rates by > 4.3 0 where 0 is
deviation for the mean of adjacent
Frank et al., 1986b).

The occurrence rates of atmospheric holes are
shown in Figure 1 for the period 1 November 1981
through 21 January 1982, The viewing geometry
after 21 January 18 inadequate to obtain useful
occurrence rates. These rates are given in units
of events/minute for the specified area of l.l x
107 km2. In order to achieve useful event sta-
tistics, averages are taken for two-day inter-
vals. Approximately 50 or more images are used
to determine the rates for each of these two-day
periods. The standard deviation, * o, for each
rate determination i1s also indicated in Figure 1.
Large temporal variatioms in the occurrence rates
of atmospheric holes are seen in Figure I. A
general decline of rates by a factor of ~ 10 is
found with compariscn of those , for the early-
November period with the minimum rates in mid-
January. This overall decline exhibits consider-
able fluctuations on shorter time scales, e.g.,
the decrease on about 14 December. Thus the ex-
istence of temporal fluctuations for the rates of
atmospheric holes is established with this for-
tuitous series of observations.

We now provide evidence that the temporal var-
iations of atmospheric holes are attributable to
an extraterrestrial source, and not due to atmo-
spheric dayglow irregularities of local origins,
for example. In order to establish a relation-

the standard
samples (cf.

ship of the above temporal fluctuations of atmo-
spheric holes with radar meteor rates at similar
latitudes, we use the forward-scatter radar ob-

servations from a location near Qttawa, Canada as
reported by Vogan and Campbell (1957). These ra-
dar meteor rates are shown for the period 1 No-
vember 1955 to 21 January 1956 in the bottom pan-
el of Figure 1. These are hourly average rates,
i.e., non-shower and shower events for a 24-hour
period. Because simultanecus observations with
Dynamics Explorer 1 and the radar meteor station
are not available in the literature, we assume
that the annual radar meteor rates are qualita-
tively similar from year to year, with expecta-
tions of yearly fluctuations in the amplitudes of
the major meteor showers (c¢f. McKinley, 1961),
We attempt to separate the non-shower event rates
from those dominated by the presence of meteor
showers by indicating the periods for five major
meteor showers during this perliod with shaded
zones and copen clircles 1in Figure 1. Identifica-
tion of shower events associated with the Nor-
thern Taurids is qualitative and is implemented
by noting that the rates significantly differ on
five days from the running mean. The local times
of radlant transit for the five major shower
events are ~ 0055 (Northern Taurids), 0624 (Le~
onids), 0205 (Geminids), 0825 (Ursids) and 0835
(Quadrantids). The comet associations are Comet
Encke with the Northern Taurids, Comet Tempel
with the Lecnids and Comet Tuttle with the Ur-
sids. Non-shower radar meteor rates are indi-
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Fig. 1.

January 1982 (upper panel). Radar meteor

Average occurrence rates of atmospheric holes during the period November 1981 through late-
rates reported by Vogan and Campbell (1957) for the same

months but for earlier years 1955 and 1956 (lower panel).

cated by the closed circles in Figure 1. The
correlation of these rates with those of the at-
mospheric holes is remarkable, e.g., the overall
decrease in meteor rates by a factor of ~ 10 over
the period 1 November to mid-January, the minimum
of mid-January with subsequent recovery, the de-
crease in fluxes on ~ 8 November, and the period
of more-or-less constant fluxes during ~ 20 De-

cember to 6 January. However, the event rates
for the two types of phenomena differ substan-
tially. If we estimate the effective area for

the detection of radar meteors as ~ 5 x 104 kmz,
then for a radar rate of ~ 35 events/hour (early
November), the corresponding rate of atmospheric
holes 1in this area is ~ 0.2 atmospheric holes/
hour.

The local times for the radiant crossings for
the major meteor showers are such that these ra-
diant positions as projected into the atmosphere
intersect the sampled area only for the Ursids
and Quadrantids. The Quadrantids are circum-
polar. Examination of Figure 1 shows that no in-

creases in atmospheric hole rates are seen with
the appearance of these two major meteor showers.
Thus the conclusion could be made that the meteor
showers and atmospheric holes are unrelated with
the important qualification that the shower rates
are coumparable during these two different years.
If this conclusion is8 valid then the small comets
assoclated with atmospheric holes are a class of
solar system objects that would appear to be dis-
tinct from debris from the large, well-known com—
ets.

The effective area, A, of the telescope for
the detection of these small comets can be esti-
mated for the anticipated ranges of sizes and the
optical characteristics of the surface. The ap-
parent visual brightness of the small comets, M
as seen from the earth's surface 1is
{Allen, 1973)

M, = Mg + 5 log(r/R) - 2.5 log p + ¢(0) (1

where Mg is the apparent blue magnitude
sun, r is the distance from the telescope

Cr
given by

of the
to the
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Anticipated Hourly Detection Rates of Small Comets

with the M.1.T. Surveillance Telescope

R =6 meters; p = 0.02

Eariz November

My = | 18 - |17 16 J15 |14 | 13

o(a) = 2 | 6680 270 110 43 17 6.8
3 | 270 110 [.43 17 6.8 2.7

) 110 43 [ 17 6.8 | 2.7 1.1

5 43 17 6.8 | 2.7 | 1.1 0.43

6 17 6.8 2.7 1.1 0.43 0.17

7 6.8 2.7 1.1 0.43 0,17 0.07

Mid-January
M, =] 18 |17 |16 |15 | 14 | 13
¢(a) = 2 68 27 11 4.3 1.7 0.68
3 27 11 4,3 [ 1.7 | 0.68 0.27
4 11 4.3 [1.7 10,68 0.27 0.11
5 4.3 1.7 [ 0.68] 0.27| 0.11 0©.04
6 1.7 0.68 0,27 0.11 0.04 0.02
7 0.68 0.27 0.11 0.04 0.02 0.01

Early November

comet, R 18 the radius of the comet, p is the ra-
tio of comet brightness at phase angle a = 0° to
the brightness of a perfectly diffusing disk with
the same diameter and position, and $(a) 4is the
phdse ‘law In mignitudes. The magnitude of the
sun is -26.1. If the threshold sensitivity of

the tglescope is My in magnitudes, a limiting
distance r (max) for observing the small comets
can be determined by setting M, = M.. The event

rate C séen by the telescope is then

C = FA gin(B) = (F/2)(r(max))2 6 sin(8) (2)

where F ia the flux of small comets in the vicin-
ity of the earth, 6 is the angular width of the
telescope's field of view (0 = 1,2° = 2,1 x 1072
tad), and B is the angle of attack to the effec-—
tive area of viewing. Because telescopic viewing
occurs during twilight hours we take B = 30° for
our eatimates.

The event rate C for the telescope can be de—
termined if F, M,, R, p and #(a) in equations (1)
and (2) sre known.

-(1) The comet fluxes F for the two pericds
early Novefiber and mid-January are determined
from the observations shown in Figure 1. These
filuxes are ~ 7.2 x 10710 anga ~ 7,2 x 10~11/km2-
sec, respectively. At these distances from the
eatth, gravitational focusing is neglected.

(2) The threshold magnitude M, for routine
telescopic surveys 1is 16.5 (L. G, Taff, private
communication, 1986; Taff et al., 1985; Taff,
1986). "The telescope can algo be operated at a
thieshold of 17.7 (Taff, 1986}, Observations at
twilight can be degraded by 1 or 2 magnitudes for
these thresholde (Taff, 1986).

(3) The comet radius R is estimated by Frank
et al. (1986a) with the assumption that the den-
sity of the water snow s 0.1 gm/cm3, This radi-
;s 12 6 m. If the density is 0.3 gn/cm3, then

= me.

M, =18 [17 |16 |15 | 14 | 13
#a) ~ 2 7.5 3.0 1,2 0,48 0.19 0.08
3 3.0 1.2 [0.48] 0,19] 0.08 0,03
4 1.2 0.48|0.19] 0.08| 0.03 0.01
5 0.48 0.19/ 0.08] 0.03| 0.01 0.00
6 0.19 0.08 0.03 0,01 0.00 0.00
7 0.08 0.03 0.01, 0.00 0.00 0.00

(4) The reflectance parameter p 1s expected to
be similar to the diffuse reflectance of various
carbon blacks {cf. Frank et al., 1986¢) and in
the range of ~ 0.01 to 0.02 (cf. Wolfe, 1978).
Observations of the dark crust on the nucleus of
Comet Halley indicate that values for the geomet-

ric albedo can be as low as ~ 2% or less (Keller
et al., 1986).
(5) The phase law ¢(a) in magnitudes is un-

known for comets. For twilight viewing, a = 90°,
Soter (1986} uses the value 3.3 from measurements
of the Martian moons Phobos and Deimos. An an~
ticipated range for ¢{(a) of ~ 3 to 5 at phase an-
gles a = 70° to 110° appears to be reasonable
{cf. Lumme and Bowell, 1981).

The expected event rates for the detection of
small comets with the telescope can now be calcu-
lated. These event rates are summarized in the
four tables that comprise Tdble I. The upper two
tables give the hourly detection rates for small
comets with radius R of 6 m and reflectance pa-
rameter p = 0,02, The results for R = 4 m and
p = 0,005 are found in the bottom two tables.
The hourly rates for the two periods early Novem-
ber and mid-January are also shown. Hourly rates
are given as functions of the threshold magnitude
M, of the telescope and the phase law &(a). Most
probable values for these hourly rates from our
above discussion of parameter values are boxed in
the tables. The corresponding range of r(max) is
~ 5,000 to 56,000 km.

Observations with the telescope by Taff (1986)
are taken in the months of January and February.
The observed rate for the detection of the more
distant objects in the vicinity of the earth with
the telescope during tens of hours of observing
time 1is about 3 tc 5 events/hour (L. G. Taff,
private communication, 1986)., These objects are
interpreted by Taff as satellites or their debris
in distant orbits. However, the variations of
the light curves for some of these objects do not
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exhibit the periodic fluctuations of an actively
maintained, rotating spacecraft (Taff, 1986). The
distance to these objects cannot be determined
by their parallax with the observatory's two
telescopes because their positions are beyond
~ 1,000 kme The expected detection rate of small
comets for this time period 1is in the range of
0.1 to 1l event/hour (right-hand tables of Ta-
ble I). Thus such rates are not iInconsistent
with the telescope observations.

Now we discuss the observation of the comets
at low altitudes (cf. Soter, 1986). Frank et al.
(1986a,d) infer that these small comets fragment
at altitudes estimated to be in the range of
~ 1,000 to 3,000 km. For at least a brief period
after fragmentation, these small comets are anti-
cipated to be relatively bright. The angular mo-
tion 1s in the range of ~ 103 to 104 urad/sec.
These angular moticns are sufficiently large to
produce a streak during a 1/30-second exposure
time for the telescope. Order-of-magnitude es—
timates for the detection rates of these small
comets at low altitudes, from equation (2) and
with F = 1.4 x 10710 copets/km-sec from gravi-
tational focusing, are one event every 40 and 360
hours for r(max) of 3,000 and 1,000 km, respec—
tively. The hourly rates for streaks due to sat-
ellites and meteors in telescope frames are
~ 20 events/hour (Taff, 1986). Thus one of ~ 800
to 7200 such streaks would be due to the passage
of a small comet. Identification of this streak
thus requires the tedious examination of thou-

sands of streaks in the image frames. No study
of this type i1s reported.

Soter (1986) states that the small comets
should be detected in the image frames used in

the searches for earth-approaching asteroids.
This assumption appears to be incorrect. The as-
teroid searches are implemented by taking two im-
age frames separated in time sufficiently to de-
tect the motion of an asteroid. Apparent angular
motion is ~ 5 x 102 yrad/sec and the elapsed
time between frames is > 1,000 sec. The angular
motions of the small comets are sufficiently
large, ~ 10 to 103 prad/sec, that these objects
are beyond the field-of-view for at least one of
the frames. Thus these objects are not to be
seen in two consecutive frames for the asteroid
searches.

It should be noted that the detection of the
proposed small comets appears possible, e.g.,
with a dedicated survey during early November
when the cometary fluxes are high. Such a survey
is not known to us. Other facilities such as the
Spacewatch Camera (Gehrels and McMillan, 1982;
Gehrels, 1985) and the Palomar Schmidt camera
(Helin and Shoemaker, 1979), that are also em~
ployed for asteroid and comet searches, may prove
useful for this survey.

In summary Soter (1986) overestimates the de-
tection rates of the proposed small comets with
the M.1.T. space surveillance telescope by fac-
tors of ~ 102 to 103. This discrepancy is due to
disregard of (1) the minimum of cometary fluxes
dutring the telescope observing period and (2) the
range of likely physical characteristics of the
small comets. Simply stated, the proposed small
comets are difficult, but not impossible to de-
tect with optical telescopes. The observations
reported by Taff (1986) as cited by Soter (1986)

Lunme, K.
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are ot inconsistent with the proposed large
fluxes of small comets in the vicinity of the
earth.
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