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TASK 1: ASTEROID SPECTROPHOTOMETRY

(Principal Investigator: Clark R. Chapman}

During the 1976/1977 contract period, major advances were
made in spectrophotometric observations of asteroids and in
their interpretation. Major progress was achieved: in data
reduction. The purpose of this final report is to summarize
briefly the accomplishments of the first three quarters, for
which more details are available in our first three Quarterly
Reports, and to provide greater details concerning the work
accomplished during the Final Quartexr. Appendices A and B
contain manuscripts prepared in major part with Planetary
Astronomy Program funding: "The Evolution of Asteroids and
Meteorite Parent-bodies" (an invited review paper presented by
Dr. Chapman to the annual Meteoritical Society meeting) and
"The Asteroids" (a major review article to appear in the 1978
volume of Annual Review of Astronomy and Astrophysics,

co-authored by Drs. Chapman and Hartmann at PSI and Dr. Williams
of JPL).

SUMMARY OF WORK DURING FIRST THREE QUARTERS

The foundation of our program of asteroid spectrophotometry
is acguisition of new data, although reduction and interpretation
of that data are essential elements of the program as well.

Data were obtained during the contract period during four
observing runs at the Kitt Peak National Observatoxy: 3 runs on
the 1.3-m telescope (Sept. 15-19, 1976; Nov. 14-17, 1976; and
June 6-16, 1977) and 1 run on the 2.1-m telescope (Sept. 25-27,
1976). A total of 83 asteroids were observed, although a few
included within that total represent the same object observed
during different runs. All of the asteroids were measured in the
spectral range 0.33 - 0.9 um and a large minority were measured,
in addition, between 0.9 - 1.07 um.

7

This year has proven to be one of the most productive years
for obtaining asteroid spectrophotometric data. Included among
the asteroids measured are the exceptional asteroids 1620
Geographos and 944 Hidalgo. The great guantity of data has
caused some pile-up in the data reduction programs, but preliminary
results are expected to be available for some asteroids for presen-
tation at the October 1977 DPS meeting in Boston.

During this year, our data reduction program was upgraded
for inclusion as an interactive code for running on our HP-9825
computer. Improvements in standard star calibrations have been
incorporated in the program and most raw data obtained during
the past two years have been written onto HP-readable magnetic
tape cartridges. Final reduction of all data is proceeding.
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An observing trip was also made to Mexico during October
1976 to attempt measurement of the diameter of Pallas during a
stellar occultation. Unfortunately, the occultation path
passed south of us, so we could only report a negative observation.

Interpretive work has also progressed. Chapman has been
working with Bowell, Gradie, Morrison, and Zellner in writing
a paper on asteroid taxonomy, based on a classification program
that utilizes the TRIAD data file (see Fourth Quarter Report,
below) v -~ - - - -- - - - - .- - - Sl

Papers written and presentations delivered during the
contract vear include the following: (1) A final manuscript
was prepared in February 1977, based on Chapman's invited review
at IAU Colloquium 39 during the summer of 1976. This manuscript,
entitled "The Evolution of Asteroids as Meteorite Parent-bodies",
will appear in the Colloguium Proceedings {The Interrelated Origin
of Comets, Asteroids, and Meteorites, A. H. Delsemme, Editor,
Univ. of Toledo Publications, in press} and was included as
Appendix A to our Second Quarterly Report. (2} Dr. Chapman
presented an invited review paper to the Cambridge, England,
meeting of the Meteoritical Society in July 1977. His extended
abstract, "The Evolution of Asteroids and Meteorite Parent-
bodies", attached as Appendix A, will appear in Meteoritics.

(3) Drs. Chapman and Hartmann (in conjunction with Dr. Williams
of JPL) have prepared an invited review paper on "The Asteroids"
for the Annual Review of Astronomy and Astrophysics. It is
attached as Appendix B.

FOQURTH QUARTERLY REPORT

Plans have been finalized .during the fourth gquarter to
obtain the extremely important observations of the nucleus of
dyving comet P/Arend-Rigaux during early November 1977. This
observing run was originally planned for Kitt Peak Observatory,
but for inexplicable reasons, time was not granted at that
Observatory. Subsequently, last minute plans were made to
obtain the data using the 88-~inch telescope at Mauna Kea
Observatory, using the spectrophotometer of T. McCord. Other
faint asteroids will be obsexrved as secondary objectives of
the program. A proposal has been written to Kitt Peak requesting
time for asteroid observations during spring 1978.

Further work has been accomplished in asteroid data-
reduction. There is hope that some preliminary data may be
in a form to be presented at the DPS meeting in _Boston in
October 1977,

Two manuscripts have been completed during the Fourth
Quarter. They have been referred to above and are included
as Appendices A and B.



A major interpretive effort has been carried out during
the fourth quarter. Dr. Chapman hosted a meeting at PSI at
which Dr. Bowell, Mr. Gradie, Dr. Morrison, and Dr. Zellner
met to work on a manuscript in preparation concerning asteroid
taxonomy. New data were entered into the TRIAD data file and
a classification program generated classifications for over
560 different asteroids, according to the C-S-M-etc. taxonomy
originally developed by Chapman, Morrison, and Zellner (Icarus
25, '104). Dr. Chapman worked on comparing the C-S5-M taxonomy
with earlier schemes developed by himself .and with more recent
schemes advanced by Gaffey and McCord. There is a reasonable
degree of concordance among the various schemes (see Table I).
The text of the article in preparation discusses the detailed
relationships between the taxonomies, the advantages .and
disadvantages of each, and the relationships between observationally-
based groupings and mineralogical types of asteroids.



Table L. Asteroid taxonomies and mineralogical classifications
Mineralogical Class, ¢
Taxonomic Meteorite Analog, Type a
Clasg? or Descriptor? Asteroids® _Typical p-vd | Typical. Albedo
o C¥*, carbonaceous 213, 2, 10,
N - -
B chondrite? (F + TR) 88, 511, 1 0.63 0'74' 0.04 0.07
@ . '
ol
w mWostly C C2 or CM, carbona-
ﬁ ceous chondrite 324, 51 0.72 - 0.80 0.03 - 0.04
o (TA + TC) [ e
T metal or enstatite
§ M‘ chondrite (RR) 16, 21, 22 0.70 - 0.72 0.09 - 0.11
13
g, B enstatite achondrite 44 0.72 0.35
) )
E (v) intermediate 166, 48 0.77 0.03
g (various T) ! ) :
jt .
g (U} basaltic achondrite 4, 69 (?) 0.77 0.23
a
B (U) Trojan 624 0.77 0.04
metal-rich (plus
silicate?) (RF) _9, 12 0:87 - 0.88 0.13 0.14
metal plus olivine
g (RA~1) 7. 39 0.82 0.92 0.14 0.16
o
2 metal plus pyrcsene 29, 1. &
@ mostly S {plus minor olivine?) 2é0 ’25' 0.87 - 0.91 0.10 - 0.17
“ " (RA-2 + TE) !
;,g
g s
pyroxene-rich plus 89, 5, 63,
@ - -
bl metal (RA-3) ) 446 0.83 0.91 0.13 0.14
metal-~-poor, opaqge— g 0.88 0.14
poor, pyroxene-rich
(U) I, ordinary chondrite? 1685 0.88 0.12
P
tn
o LL ordinary chondrite y
H @ R
B H or olivine achondrite? 349 0.96 ,0'26
o o
%1%4 2 ? (steep red spectrum) 170 ? ?
-
Kol 3 > -— -~
() (carbonaceous?) chon 80 0.89 0.14

wdie

drite type 3 (TD)

qBowell et al (1978). -

bDescriptor slightly modified from Chapman (1976). Letters in parentheses are corres-—
ponding compositional groups of Gaffey and McCord (1977a, b).

“Asteroids typifying the 34 spectral groups found by McCord and Chapman (1975a, b},

augmented by the 44 Nysa group (Zellner et al 1977d).

dTypical colors and albedos-are only indicatiwve.



TASK 2: NATURE OF THE TROJAN ASTERQIDS

(Principal Investigator: William K. Hartmann)

Dr. Hartmann joined Dr. Dale P. Cruikshank for a highly
successful observing run devoted to studying the peculiar
Trojan asteroid 624 Hektor in February, 1977. Photometric
observations were obtained both in the visual and at 20y
in the infrared. The observations revealed that we were
observing Hektor as close to pole—-on as it has even been
seen. This was interesting in tying down the pole orientation,
but disappointing from the point of view that the magnitude
variation was only about 0.06 mag {clearly detected in the
visual), making it difficult to detect the change in 20u
radiation with period, as shown in Figure 1, which shows
the observations for 14 February. We are continuing a
further analysis of the records, including data obtained on
13 February, so that it may ultimately be possible to
determine the phase relations of the 20y period. Our
original intent was to discriminate a shape variation from
an albedo variation by seeing whether the visual and 20y
peaks were correlated or anti-correlated, respectively.

An irregular shape of Hektor is favored as an explanation
6f the light variations.

Our observations have allowed an improved measurement
of the albedo and dimensions. Our results indicate Hektor is
very dark, with visual albedo p, 0.025 + 0.005. The dimensions
would be calculated as 128 km wide and 275 km long for the
Dunlap-Gehrels cigar~shaped model.

our work has led to consideration of the origin of such
an unusual shaped object. It is the largest Trojan, making
its origin as a fragment of a larger body seem less likely
than if it were one of the smaller Trojans. We have made
preliminary calculations of the possibility that 624 Hektor
arose not as a fragment, but as a coalescence of two
sub-spheroidal asteroids originally independent in the Trojan
cloud. Collision velocities in the Trojan cloud could be
lower than the typical collision velocity for belt asteroids.
A low-velocity collision could result in a dumbbell-like
configuration of two partially fractured bodies not completely
»roken apart on impact. Figure 2 shows some marginal evidernce in
favor of this interpretation. If Hektor were two ball-like
objects in contact, each with different spectrophotometric
properties, then the two end-on views should give different
spectrophotometric signatures. Figure 2 shows that this is
so, and that in fact, the end-on view 'in Minimum I (Dunlap-



o

Gehrels nomenclature) is markedly distinct from the othex
views, by more than the errorxr-bar dimension.

Publication of the observations and interpretation is
expected in 1978.
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Visual and 20u infrared photometry of asteroid 624 Hektor on 14 Feb. 1977. The

asteroid was seen nearxly pole~on, minimizing light amplitude. A clear periodicity

with 0,06 mag variation was found in the visual. . At 20U, where error bars are
greater, the periodicity is not evident.
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Figure 2:

A hypothetical interpretation of Hektor is seen in
the sketches at the bottom, where the asteroid is
pictured as the result of a collision between two
spheroidal bodies with different spectrophotometric
properties. In this case, the two end-on views would
differ, as is actually seen in the spectrophotometry.



TASK 3: INVESTIGATION OF THE DETERMINATION OF ASTEROID MASSES

(Principal Investigator: Donald R. Davis)

The main objective of this task was to search for close
encounters between one of the ten largest asteroids and
another of the numbered asteroids that would produce observable
perturbations in the smaller asteroid's orbit. Analysis of
observation would determine whether or not it would be feasible
to measure the mass of the perturbing asteroid. Observations
of perturbations in -asteroid orbilts has led to mass estimates
for three asteroids, namely Ceres, Pallas and Vegta (Hertz, H.G.,
1968, Science 160, 299; Schubart, J., 1975, Astron. & Astrophys.
39, 147), which are the only ones for which mass determinations
are avallable. However, many other asteroids are now known
to be much larger and presumably much more massive than previously
believed, and consequently the orbital perturbation technigue due
to close encounters might be applicable to these objects.

Table IT lists the largest asteroids which were the target
bodies for close encounters. A search was made for other numbered
astexroids which came within 0.1 AU of the target asterocid between
1970 and 1990. This search was performed using a program originally
designed foxr multi-~asteroid flyby mission opportunities. The
target asteroid was substituted for the spacecraft in our study.
Many close encounters were found during the course of the search,
for example, 11 encounters involving 31 Euphrosyne and other
asteroids were found. However, a close approach alone is not
sufficient to produce an observable deflection; the relative
velocity must also be sufficiently slow. At the 5 km/sec mean encounter
speed of mainbelt asteroids, an extremely close encounter would’
be required to produce any observable deflection, hence most of
the encounters occurred at too high speed to generate any signifi-
cant orbital perturbation. The deflection angle, 8, was adopted
as a measure of the perturbation, where

1

@ =m - 2 tan — (1 + rvz/u):

with r = encounter distance, v = relative speed of encounter
and y = gravitational parameter of target asteroid.

p was calculated assuming a density of 3 gm/cm3. © is
essentially the angle through which the asymptote of the
hyperbolic approach trajectory is rotated. Table III summarizes
the encounters that result in the largest deflections of the
encountering asteroid orbit. The gquestion remains, however, as
to the feagibility of mags determination bhased on these encounters.
However, before addressing that gquestion, a discussion of the
computations leading to Table III is reguired. The search
program uses the orbits listed in the Minor Planet Ephemeris for




TABLE IT - LARGEST ASTEROIDS

Asteroid

10
704
31
511
65
52
451

15

Ceres
Pallas
Vesta
Hygiea
Interamnia
Euphrosyne
Davida
Cybele
Europa
Patientia

Eunomia

Diameter

(1976)

(km)

1003
608
538
450
350
334
323
309
239
275
272



TABLE III

ENCOUNTERS FROM 1970-1990 RESULTING IN
LARGEST DEFLECTIONS OF THE ENCOUNTERING BODY

Target Encountering Closest Relative Re-encountexr
Asteroid Asteroid Date Approach . Speed Period
‘ o " (AU) o kn/s © 7 (Years)
1 Ceres 534 Nassovia 12/24/75 .023 2.8 76
1 Ceres 1801 1963UR=525P 11/19/84 .034 1.0 38
4 Vesta 197 Arete 1/26/76 .035 2.1 18
4 Vesta 126 Velleda 7/10/82 .012 3.8 78
4 Vesta 1044 Teutonia 1/25/79 .052 2.0 ‘30
4 Vesta 1601 Patrxy 4/15/88 .048 1.2 ‘ 42
10 Hygiea 64 Angelina 1/21/90 L0611 2.0 21
10 Hygiea 1363 Herberta 6/25/82 .10 1.6 C 43
15 EBEunomia 1313 Berna 3/24/69 .06 1;0 550
52 Europa 76 Freia 12/12/82 01 2.6 44
65 Cybele 609 Fulvia 3/8/70 .09 0.8 37

511 Davida 348 May 10/3/80 .01 2.8 51
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1977, augmented for a few asteroids by improved reference orbits
from the Minor Planet Center, Cincinnati Observatory. The search
program uses these two-~body orbits to predict future €encounters.
This technique neglects orbital perturbation due primarily to
Jupiter; the magnitude of the resulting error increases with

the interval between the encounter date and the epoch dates of
the orbits. To estimate the effect of this resulting error,
several orbits were integrated from their epoch date to the
encounter date; Table IV compares the fully integrated runs

with the conic search results. Clearly planetary perturbations
must be included in the final predictions. A project is
currently underway at JPL under the direction of Dr. D. Bender

to produce integrated asteroid orbits with epochs spaced every
few years. When these results are available, refined predictions
of encounter opportunities will be found. It is unlikely that
many good encounters were missed during the conic search as the
encounter distance criteria of 0.1 AU is quite large.

The feasibility of mass determination from the above-
discussed encounters was addressed by modeling the orbit determina-
tion process using simulated observations. To do this, it is
necessary to find the "observable", i.e. what are the perturbations
in right ascension and declinations resulting from an encounter?
The Vesta-~Arete encounter was selected for detailed analysis for
this pair is known to produce measurable perturbations; however,
it is not an enormously large perturbation.

The encounter perturbations were calculated by numerical
integrations in which Vesta was introduced as a perturbing body
in addition to the planets Mercury to Neptune. The orbit of
Arete was integrated twice; once with zero mass for Vesta and
once using a Vesta mass of 1.2 x 10™!° solar masses.

Figure 3 shows the resulting perturbation in right ascension,
which is the principal observable perturbation for the mass
determination process. This figure shows that an observable
perturbation dces result from this single encounter, but that
high quality observations are required to obtain a good mass
estimate.

An observation schedule was constructed based on
Figure 3 and was the input to a Kalman filter orbit determination
program which was modified to solve for the mass of a perturbing
body on a known orbit. The Kalman filter technigue produces
an optimal estimate of the quantities to be determined that is
equivalent to a least squares solution when the input measurement
errors are uncorrelated and Gaussian distributed. This method
has the advantage of considering measurements sequentially,
rather than having to repeat the entire solution to ascertain
the result of additional measurements. Table V lists the
observations used in the mass determination process. Various
combinations of bias and noise were added to the measurements
along with different values of "a priori" estimates as to what
the measurement errors really were. Table VI summarizes results
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TABLE IV

EFFECT OF PLANETARY PERTURBATIONS ON CLOSE ENCOUNTERS.

FOR EACH ENCOUNTERING PAIR THE UPPER ENTRY IS BASED ON THE

CONIC REFERENCE ORBIT WHILE THE LOWER ENTRY INCLUDES
PLANETARY PERTURBATIONS ON THE ORBITS.

Encountering. - " Orbit Encounter Minimum Deflection
Agteroids Epoch Date Separation Angle
(AU) (")
4 Vesta 12/2/62 11/30/75 .081 0.13
197 Arete 11/23/56 1/26/76 .035 0.28
1 Ceres 12/2/52 12/28/75 .020 1.82
534 Nassovia 12/2/62 12/24/75 .023 }.67
*4 Vesta 12/2/62 5/23/72 .062 .15
1603 Neva 5/5/35 6/16/72 .086 .13
*4 Vesta 12/2/62 1/25/79 .052 21
1044 Teutonia 12/20/51 2/21/79 .107 .09
*Vesta integration to 3/6/75
- - 1
RIGHT ASCENSION RESIDUALS (7)
. : - Y N
O o

O 67

-0

1
-]

- G

!
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Date

2/26/79
4/7/79
5/17/79
6/16/79
7/16/79
4/6/83
4/20/84
6/19/84
8/8/84

B/7/84

Julian Day

2443930.
2443970.
2444010.
2444040,
2444070.
2445430.
2445810,
2445870.
2445920.

2445980.

5
5

5

=15~

TABLE V

Right Ascension

259

269.
271.
265,
259.
211.
321.
340.
342,

332.

.51554

73373
38189
7660L
22205
61586
72147
66124
10084

89165

ARETE OBSERVATIONS FOR VESTA MASS DETERMINATION

Declination

~19.627217
~20.80407
~22.40096
-24.23964
~25.82428
~ 0.86297
~19.78834
~17.90568
-22.51729

-25.35414



TABLE VI

MASS ESTIMATION OF 4 VESTA FROM ORBITAL PERTURBATION
OF 197 ARETE DURING 1976 ENCOUNTER

Number of Observation Noise/ A priori A priori Mass Standard
Observations Orbit Quality mass Standard Estimate Deviation
Deviation
5 Precise Orbit 210 210 1.6 10 3,574
1" Bias

1.5" Noise

10 Pair Orbit. 1720 =10 ~g.7711 1.8710
1" Bias
1.5" Noise

10 Good Orbit 1720 =10 g.3711 1.1710
1" Noise

10 Precise Orbit 1720 =10 1.0710 42711

1" Noise

_9'£...
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from the mass determination program for the Vesta-Arete encounter

of 1976. This table shows that mass-information can be recovered
From a relatively small number cf observations even in the absence

of any a priori knowledge of the asteroid'smass. However, recovery
of this information is dependent upon having a very accurate orbit

of the perturbed body pricr to the encounter and also upon obtalnlng
high guality observations after the encounter. e

A favorable encounter invelving 1 Ceres and 534 Nassovia
occurred in December 1975. Subsequent perturbations in the
orbit of 534 Nassovia are shown in Figure 4 and are considerably
larger than those resulting from the Vesta-Arete encounters.
Simulated obgervaticns of 534 Nassovia were used to estimate
the mass of Ceres, the results of which are shown in Table VII.
A Ceres masg of 5.9 x 107" solar masses was used to generate
the observation and the estimated value after 10 observations is
5.2 x 107" with a standaxd deviation of 2.1 x 107!, The estimated
value differs from the true value by 12%,which is quite consistent
with the conservative standard deviation. This case assumed no
a priori knewledge of Cerss mass (0.0) and a large uncertainty
in the initial estimate (6.0 x 107'") while the observation noise
was 1". Additional cobservations would further improve the above
estimates partlcularly in reducing the standard deviation of our
estimate.

Several useful results were identified in this phase of the
asteroid mass determination project. First, was the prediction
cf encounters potentially suitable for mass estimation. The
Ceres-Nassovia encounter should preduce oBservable perturbations
in Nassovia's orbit over the next few years. High guality cobserva-
tions should readily provide an independent determination of
Ceres' mass. Second, the "short arc" technique used here, i.e.
cbservations before and after the encounter but over a limited
time, can be used to estimate masses and should complement the
"long arc" approach previcusly employed to determine masses.
Third, although there probhably will be other suitable sncounters
identified among thogse lisgted in Table III, there are not good
encounters involving all asteroids, hance this method does not
appear to be a general technique that could be applied to system~
atically explore asteroid masses. Rather it is applicakle to specific
cases and should provide independent estimates to those previously
ocbtained or mass determinations being made at JPL based on Viking
orbiter perturbations.

Additional sources of asterocid orbits were briefly considered,
primarily the Palomar-Leiden Survey list of Class I orbits.
However, even though the orbits are probably sufficiently good
to recover the asteroid, they are generally not precise enough
to permit reliable encounter pradicticns Lo be made.
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TABLE VII

MASS ESTIMATION QF 1 CERES FROM
ORBITAL PERTURBATIONS OF 534 NASSOVIA

Ceres Mass

Date Residuals Estimate - Standard
R.A. (") DEC (™) {(Solar Mass Deviation
L Units)
5/28/78 - 2.5 0.4 1.7710 5.0 10
6/17/78 1.8 0.2 1,870 5.07%0
7/7/78 1.6 0.0 1.8740 5.0710
9/20/79 7.6 2.2 2.4710 4.6710
10/10/79 0.1 0.0 2.4~%0 4.6710
10/30/79 0.0 0.0 2.4710 4.6710
12/3/80 2.3 0.2 5.0 %0 2.4710
12/23/80 0.2 0.0 5,170 2.2710
1/12/81 0.1 0.0 5.1710 2.27+0
2/2/81 0.1 0.0 5.2710 2.1710
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The attached Exhibit A is the abstract submitted to the
Boston meeting of the Division for Planetary Sciences of the
American Astronomical Society to be held October 26-30, 1977.
This meeting will provide an opportunity to alert observers
to the necessity of obtaining observations of 534 Nassovia
over the next few years.
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r Asteroid Mass Determinations: A Search for 1
Furthexr Encounter Opportunities. D. R. DAVIS, Planetary
Science Inst., and D. F. BENDER, JPL - Asteroid mass
measuréments, which are currently available only for Ceres,
Pallas and Vesta, have been based on observations of orbit

- perturbations arising from periocdic close encounters be— .
tween two asterocids (J. Schubart, 1974 aAstrou. Astrophys.
30, 289; H. G. Hertz, 1968 Science 160, 29%9). BAs many
asteroids are substantially larger and hence more massive
than previously believed, a search was undertaken to
determine if there exist additional encounters involving
one of the ten largest asteroids ‘and another numbered
asteroid. The search covered the interval from 1870 to
1990. The table below summarizes the best encounters
found so far for producing observable changes. The
magnitude of the perturbations resulting from the en-
counter was estimated based on an assumed astercid mass.
In order to ascertain observational requirements, a
simulated obsexrvation schedule was constructed and a
differential correction model was used to estimate the
asteroid mass for various positional accuracies of the

vbservations.
Re~
Closest  Encounterxr
Encountering Approach  Period
Astercid Asteroid Date (AL} {vears)
1 Ceres 534 Wassovia  9/75 .02 76 -
1 Ceres 1801 1952 sp  11/84 .03 38
4 Vesta 197 Arete 1/76 .04 18
4 Vesta 686 Gersuind 1/73 .01 28
4 Vesta 1044 Teutonia 1/79 .05 30 _—
4 Vesta 1603 Neva 5/72 .06 .18
10 Hygiea 1363 Herberta 6/82 .10 43
65 Cybele 609 Fulvia 3/70 .10 37
52 Europa 76 Freia 12/82 .01 43
511 Davida 348 May 10/80 .01 5i
704 Interamnia 993 Moultona 11/73 .01 51
L __J
Type of paper (check one) Billing information:

. . We agree to pay $20 in partial support
X -
1) oral presentation > min. of the publication of the abstract in

[ 110 min. the B.A.A.S.

2) read by title only | | bates 2v42?/9’7
3) invited lecture' [:] 7 ?

. £ ie Institute
4) .percent published elsewhere 0 Planetary Science In

Institution to be billed

2030 East Speedway, Suite 201

Tucson, Arizona 85719

<:J$4i/4tt~uﬁn \;r7141;ZZ§%;{£;§i//

éignature of Authorized A%gﬁt

 INFWIAOMAWT LIEMO ‘8S¥W ‘SATOUEILSY
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PSCEOM AFX
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TASK 4: SATURN'S RINGS: PHOTCMETRY, STRUCTURE, AND DYNAMICS

(Principal Investigator: Michael J. Price)

A. PHOTOMETRY

1. Azimuthal Clumping and Quadrant Asymmetry

Investigations of longitudinal clumping of particles
within the ring system were made during the current Planetary
Astronomy contract. Observations were hampered by poor
observing conditions. Even so, UBV pinhole scans of Saturn's
rings, perpendicular to the major axis across the west ansa
were obtained on 1977 March 7 and April 7 using the Franz
area~scanner mounted on the 72 inch aperture Perkins reflector
at Lowell Observatory. Seeing conditions on March 7 were
average~to~poor; on April 7, they were gquite variable. Each
night the rings were monitored continuously for ~2 hours
at a fixed position relative to the center of the system.

On Maxch 7, real fluctuations (+ 3% percent) in surface
brightness of the rings were found on a time scale ~5-10
minutes. Fluctuations were correlated in both B and V
colors indicating their reality. On April 7, the photometry
was not adequate to determine if brightness fluctuations
were present. More observations will be made at the next
Saturn apparition during the 1977/8 winter.

Insufficient observing time together with inadequate
weather conditions prévented further study of the quadrant
asymmetry until the next Saturn apparition during the 1977/8
wintexr.

2. Phase Effect

Observations to study differences in the phase effects
of rings A and B were obtained on five nights during the
1976/7 Saturn observing season. The phase curve was adequately
sampled. Scans were made in the three standard UBV colors
using the Franz area scanner with a 100u circular aperture.
Data were taken with the 42 inch aperture reflector at Lowell
Observatory. To expedite the analysis, information on the
point spread function was also obtained using slit-scanning
of selected comparison stars. Observing dates, and the
corresponding phase angles, are listed in Table VIII,

Analysis of the photometric data to determine the absolute
and relative surface brightnesses of rings A and B has not yet
been completed at Lowell Observatory. Theoretical interpre-
tation of the anticipated results has been compléted at PSI.
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TABLE VIIT

SATURN'S RINGS: PHASE EFFECT

Date Phase Angle (Degrees)
1977 February 3 ‘ 0.2
1977 February 4 0.3
1977 Pebruary 13 1.2
1977 February 14 - 1.4

1977 May 4 6.3
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Provided that the phase effect ratioc between rings A and B
does not vary by more than 15 percent, the concept of
mutual shadowing within the ring system can safely be
abandoned. Results on the study will be published in a
paper entitled "On the Phase Effect in Saturn's Rings”
which is currently in preparation.

3. Saturn Disk

UBV pinhole scans of the Saturn disk were made using
the Franz area-scanner mounted on the 42 inch reflector at
Lowell Observatory. Chord scanning of Saturn's disk over a
wide range of latitudes was carried out on 1977 April 6
and May 9. Data for April 6 are illustrated in the accompanying
Fig. 5. Limb-profiles, spaced parallel to the eguator, were
obtained over the entire southern hemisphere of the planet.
Saturn was found to exhibit strong limb-brightening in the
ultra-vioclet, moderate limb-brightening at the blue wave-
lengths, and strong limb-brightening in the visual region of
the spectrum. Latitudinal variations in the disk profiles
were found. In general, the degree of limb-brightening
decreases towards the polar region. Pronounced asymmetry
is apparent in the disk profiles in each color. The sunward
limb is significantly brighter than-the opposite limb. This
asymmetry depends on phase angle; approaching zero at
opposition, it reaches a maximum near quadrature.

The observations have been interpreted using an -elemen-
tary radiative transfer model. The Saturn atmosphere was
approximated by a finite homogeneous layer of isotropically
scattering particles overlying a Lambert scattering cloud
layer. The reflectivity of the clouds is a strongly
dependent function of wavelength. The best-fitting model
consists of a clear H, layer of column density 31l km-amagat
above the clouds; the maximum permitted H, column density was
~v4d6 km-amagat. The phase-dependent asymmetry in the disk
profiles is a natural consequence of the scattering geometry.
The results are consistent with current knowledge of the
Saturn atmosphere. The observations, and their analysis,
will be published in a paper entitled "Saturn: UBV Photoelectric
Pinhole Scans of the Disk” which is currently in preparation.
The abstract of a paper to be ‘presented at the Ninth AAS/DPS
Meeting in Boston is contained in Appendix C.
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B. DYNAMICS

The longitudinal brightness variations observed in
Saturn’s ring (Franz and Price, unpublished observations)
may result from a size distribution among the ring particles
or it may arise from a physical clustering of ring particles.
If this phenomena does reflect the real particle distribution
in longitude, then what causes this azimuthal variation? To
address this problem, a model was developed to examine the
effect of longitude dependent harmonics in Saturn's gravity'
field on ring particles. The effects of such terms has been
widely studied for Earth-orbiting satellites (Blitzer, L.,
1966, JGR 71, 3557; Blitzer, L., Davis, D. and DeSulima, T.,
1968, AIAA 6, 1199) and these results may be applied to Saturn.

The lowest order longitude dependent (tesseral) harmonic
is the one arising from an equatorial ellipticity, the Ji»
term. The effect of this term on synchronous orbits of
small eccentricity and inclination is to produce four equili-
brium positions separated 90~ in longitude. Two points are
stable, namely those along extensions of the minor axis of
the elliptical-shaped equator, while the other two are
unstable. An orbit in the wvicinity of a stable point exhibits
large amplitude, long period oscillations about the stable
point when viewed in a coordinate system rotating with the
planet. The amplitude and period of the libration, which is
predominately in longitude, is determined by the initial
conditions and can be as large as 90°. However, if the initial
location is too far from the stable points, the particle circu-
lates rather than librates. The libration zone is quite
narrow in the radial direction with the maximum width of the
zone varying with Ja2 .

To ascertain the importance of these gravitational
harmonic resonances, the location of resonances relative to
the ring system must be known. Table IX gives the location of
synchronous orbits about Saturn, which is the region where
J22 resonance effects would be important together with
pertinent ring parameters. Figure 5 shows the resonance
location on a brightness profile of Saturn's ring system
with the indicated resonance zone width determined by the
difference between the equatorial and temperate rotation
periods. If the actual rotation period for the mass distribu-
tion producing the J;», harmonic was known, then the actual
synchronous orbit distance could be determined. It is inter-
esting to note that the synchronous orbit distance is quite
close to the region of peak brightness of the ring systenm.

Because the lowest order resonance, the Jj; resonance,
may be relevant to the structure of the ring system, a simple
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TABLE IX

SYNCHRONCUS ORBIT DISTANCES FROM SATURN

Distance from Distance from
Orbital Period Saturn Using Saturn including J,
‘Keplerian Orbits and J, correction
(10° km) . (10° km)
h, ,m
10714 = 1.092 1.095
Equatorial Period
10838™ =
Temperate %Zone Period 1.121 1.124
Inner Edge of A Ring ~1. 20 . e

Outer Edge ¢f B Ring n1.16 [
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model was constructed to see if resonance trapping of ring
particles would produce a variation in the spatial density

and if so , what would be the characteristics of the variation.
The system of particles was taken to be moving initially in
circular Keplerian orbits with a constant area density of
uniform particles. The Jz, perturbation was introduced and
the size of the libration regions found. The initial conditions
determine whether particles at particular locations within

the ring librate or circulate. Within the libration zone the
distribution of particles in longitude was found by first
calculating the period and maximum amplitude of the libration
orbit based on the initial conditions. The libration zone

was divided into longitude increments AX, and the fraction

of the period that particles spend in each zone A)X was found
from the libration orbit. By summing over all libration
orbits and weighting each orbit by the number of particles
moving on it, a longitude distribution of particles in the
libration zone wasg constructed.

In oxrder to estimate the brightness variation in the
ring it was assumed that outside the libration zone the
distribution was uniform. Insofar as only the J.» perturba-
tion ig treated, this approximation is wvalid far away from
the resonance; however, it does neglect the transition region
where particles are circulating but might have a nonuniform
spatial distribution. This effect should be incorporated
if more sophisticated models are ever required.

The longitude brightness variation was then found by
assuming that brightness is proportional to the particle
density. The magnitude of the effect is proportiomnal to the
radial extent of the libration zone which is determined by
the J,; coefficient and is given as

Brax = % Y J22 Ry

where Ay is the maximum radial deviation from the exact
synchronous orbit distance, and_Re is the planet's equatorial
radius,

Table X gives the maximum zone size for three levels of
J22 . Table XI gives the particle density in the libration
zone relative to the initial uniform distribution, where each
longitude zZone contains the area weighted average of librating
and circulating particles. Finally, Table XIT gives the
longitude brightness variation in ring B for the two levels
of Js2. In terms of the model developed hexe, J,; would have
to be greater than ~2 x 107° for the effect to be observable,
with a 2% brightness variation. o
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TABLE X

- SIZE OF LIBRATION ZONES

J_zz Amax Ra‘l?'.lO of-AmaX to
{km) B ring width

197° 240 .01

10-8 760 .03

107 . 2400 ~.1lo
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TABLE XI
RELATIVE PARTICLE DENSITIES

INSIDE LIBRATION ZONES

Longitude Interwval

From Stable Longitude Relative Density
0-10 1.41
10-20 1.38
20-30 1.32
30-40 1.17
40~50 1.17
50~60 1.02
60-70 .91
70~80 .91

80-90 - 1:0
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TABLE XII

LONGITUDE BRIGHTNESS VARIATION OF RING B

Longitude Interval
From Stable Longitude

0~-10

1

10-20
20-30
30-40
40-50
50-60
60-70
70-80

80~-90

Relative Brightness

Ja2

10-" 10-°
1.04 1.013
1:04 1.012
1.03 1.010
1.02 1.005
1.02 1.005
1.002 1.001

.99 . 997

.99 . 997
1.0 1.0
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Although quantitative predictions cannot be made as Ja»
for Saturn is unknown, this model does lead to features
that could be investigated observationally. First, the
longitude variations should occur only in the outer part of
ring B. In particular, the A ring would not be expected to
show the longitude variation. Second, the time required to
go from maximum to minimum brightness should be approximately
one quarter of the rotational period of Saturn or about
2.5 hours. However, given the nature of the calculated
profiles most of the brightness'change occurs over a small
longitude region from 15° - 55° and should occur on a time-
scale of the order of an hour.

This model may be only part of the answer as to the
nature of the longitude brightness wvariation in Saturn,
but if any of the predicted characteristics could be observed,
this technique provides a method for determining the gravi-
tational coefficient J3; for Saturn which would have possible
interesting implications for the interior structure of
.8aturn and perhaps other giant planets.

C. STRUCTURE

A portion of our study of ring systems was to gathexr
observational data on the probable shapes of particles in
ring systems governed by collisions. Our earlier study
(Greenbexrg, Davis, Hartmann and Chapman, 1977, Icarus 30,
769) showed that collisions at low speeds are possible in the
Saturn rings, and that fragmentation may have governed the
evolution of the ring particles. Our initial hypothesis was
that aligned particles of non-spherical shape might play a
role in explaining theobserved brightness asymmetries in
Saturn's rings. Therefore, Dr. Hartmann has made a series of
shape measurements of all particles generated in his experiments
at Ames Research Center on fragmentation of basalt spheres and
irregular igneous rocks. These bodies were fragmented at
velocities of 26.0 to 50.4 m/sec.

If particles were aligned, the extreme light variations
that would be observed would depend on the ratic of minimum
to maximum cross section, or BC/AC, where A, B, and C are
principal diameters. This reduces to an extreme light
variation of B/A. Measurements of 46 particles showed a
median ratio of 0.692 and a similar mean of 0.71, illustrated
in Pigure 6 . An interesting trend is shown in Figure 7 ,
which indicates that the largest fragments (defined as
maximnizing mass of fragment/mass of initial body) tended to
be more spherical than the smallest fragments. Extreme light
ratios of less than 0.4 were found among the smallest fragments,
but no large fragments had extreme light ratios less than about
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0.8. We have not carried out further application of these

data to models of photometric variations orxr asymmetries in
Saturn's rings, partly because other models, such as density
wave theories, have been proposed to explain the guadrant
asymmetries, and partly because of the more fruitful theoretical
investigation of effects to explain the light variations observed
by Drs. Price and Franz.

We have also noted that scattering theories of radiation
transfer in the rings have tended to assume spherical particles,
and- that elongated particles, particularly in the presence of
any mechanisn of preferential alignment, could modify the
scattering theory as well as the more straightforward models
of direct reflection. However, our data on shapes of macro-
scopic (mm~cm dimension) fragments do not establish shapes of
wavelength—-scale scatterers. Further investigation of this
problem might be useful.



37w

TASK 5: URANUS: AEROSOL DISTRIBUTION IN THE ATMOSPHERE

{Principal Investigator: Michael J. Price)

Studies of the phenomenon of limb-brightening on Uranus
resulted in the production of several related papers during
the course of the current Planetary Astronomy contract. In
a Letter, Franz and Price (1977, Astrophys. J. 214, L145)
reported pinhole photoelectric area-scanning photometry of
the Uranus disk which demonstrated direcitly the existence
of both limb and polar brightening in the 73002 CH, band.
Polar brightening, which appeared to be present also at
continuum wavelengths, was interpreted as being caused by
scattering in a thin aerosol haze located over the polar
regions. A reprint is contained in Appendix D.

Full details of the 1976/7 observational program are
reported in a paper entitled "Limb-Brightening on Uranus:
The Visible Spectrum. II", recently submitted for publication
in Icarus. A preprint is contained in Appendix E., New
narrow-band (100&) photoelectric area-scanning photometry
of the Uranus disk is reported. Observations were concentrated
on the two. strong CH, bands at 61908 and at A73008. Adjacent
continuum regions at A64008 and at A75008 were also measured
for comparison. Both slit and pinhole scans were made in
orthogonal directions. Disk structure in each waveband is
apparent through lack of circular symmetry in the intensity
distribution over the Uranus image. Polar brightening is
especially prominent in the 175008 waveband. o

Coarse guantitative determinations of the true intensity
distribution ‘over the Uranus disk were made. For the 16190
CHy band, Uranus exhibits a disk of essentially uniform
intensgity except for a hint of polar brightening. For the
A73008 CH, band, moderate iimb-brightening is apparent.
Specifically, the true intensities at the center and limb
of the planetary disk are approximately in the proportion 1:2.
Extreme limb-brightening, with a corresponding intensity ratio
greater than 1l:4, is not permitted by the observational data.

Theoretical analysis of the limb profile of Uranus in
the 173002 CH, band has been completed. The results are
contained in a paper, currently in preparation, entitled
"Limb-Brightening on Uranus: An Interpretation of the
273008 Methane Band." Our earlier observational results
have been interpreted on the basis of a simple radiative
transfer model containing an elementary vertical inhomogeneity.
The Uranus atmosphere is approximated by a finite upper layer
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of conservatively scattering particles below which lies a
semi~infinite honogeneous H.~CH, gas. Isotropic scattering
is assumed. The measured degree of limb-brightening is
consistent with an upper layer of optical thickness ~0.1
together with a CH,/H, mixing ratio %2 x 107° in the lower
atmosphere. CH, appears to be overabundant by a factor

3 compared with the solar value. Our conclusions are discussed
in the context of recent models of the Uranus atmosphere by
Danielson (1977, Icarus 30, 462) and by Trafton (1976,
Astrophys. J. 207, 1007). The abstract of a paper to be
presented at the Ninth AAS/DPS Meeting in Boston 1s contained
in Appendix F.
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THE EVOLUTION OF ASTEROIDS AND
METEORITE. PARENT-BODIES (Invited Review)
Clark R. Chapman, Planetary Science Institute,

2030 E. Speedway, Suite 201, Tucson, AZ 85719

As distinct from other planetary scientists, meteoriticists
are studying planets unknown. Rocks fall from the sky, they
are measured, and inferences are made concerning conditions on
other planets -- but what planets? Evidently they are asteroids
or comets, for if rocks don't reach Earth from the moon, they
certainly don’t come from much more distant and much larger
planets. And-all other bodies are defined to be asteroids and
comets. If dead, devolatilized comets are‘also called
"asteroids", then virtually all metecrites come from asteréids.

There are other ways of learning about asteroids than by
drawing inferences from stones that fall from the skies. They
a?e the techniqueé of astronomy. While these techniques are
often more limited than meteoritical techniques, they provide
kinds of information about asteroids that are impéssible to
infer from meteorites .{e.g. orbital characteristics and physiéal
shapes) 'or can be inferred from meteorites only through elaborate
models (e.g. parent—bodf sizes). All meteoritical and astronom-
ical data would be much more useful, of course, if we could
identify individual asteroids {or at least groups‘of astéroids)
as the parents of individual meteorites (or at least classes

of meteorites). Here again, the astronomical technigques --
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despite fheir limitations -- hold promise of providing the
required links. -

Much astronomical data has been gathered about asteroids
during‘thé pést decade. We know the colors, albedos, diameters;
shapes, spin periods, and orbital family relationships for
hundreds of bodies. Progress has been made in understanding
the orbifal dynamical evolution.of asteroids and their collisional
interactions. Models for the evolution of meteorite parent-
bodies may now be compared with expectations, for instance, -
of asteroid collision rates based on our-knowledge of the
frequency of asteroids of different compositional clasges and
of their collisional cross-sections.

Results of these observational and theoretical programs
prov@de a general picture of consisfency: substantial parent-
bodies for most meteorite types appear to exist in the main
asteroid belt or among the Apollo and Amor asteroids, to the
degree we can confidéntly interpret asteroid spectra in terms
of major mineralogies and ascribe such assemblages to differént
meteofite'types. Collisional and dynamical evolution of the
asteroids can indeed yield the observed numbers of meteorites
on Earth. Inferences about the early accrgtidn and subseguent
collisional evolution of asteroids éhat are consistent with
the physical and orbital properties of present-day asteroids
are also consistent with many of the inferences that have
been based on meteoritical and cosmochemical research; for

instance, regolith environments have existed in the past,



and may still exist on some asteroids, to provide for the
creation of brecciated and gas-rich meteorites.

.But there are also certain important inconsistencies
emerging from the synthesis of astronomical and meteoritical
data, and fascinating new questions emerge. For example,
while we can readily identify the Earth-approaching asteroids
as the parent-bodies for many ordinary chondritic meteorites,
it is increasingly uﬁlikely that sizable parent-bodies for
either these short-lived astercids or chondritic meteorites
will be found in the main asteroid belt.' What are the
cosmochemical implications if we must identify the ordinary
chondritic parent-bodies as cometary cores? Alternatively,
it may be necessary to identify the so-called S-type main-belt
asteroids as ordinary chondrites, but that would require -
that an as-~yet-not-understood process is modifying the
infrared spectra of those asteroids.

. Other interesting problems cqncerh Vesta: It seems to
be the only larxge candidate parent-body for the eucrites,
howardites, and diogenites. Yet as Wetherill has said, it
is hard to understand how eucritic basaltic surface flows,
formed near the beginning of solar system_history, can have
been preserved on Vesta for all thi's time, given the very
high collision rates to which all asteroids have been subjected
over the intervening duration. And we still do not understand

how to deliver fragments of Vesta to the Earth in sufficient
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guantities to account for the observed numbers of basaltic
achondrites.

Still other guestions concern such diverse bodies as
Ceres and the Martian satellite Phobos, Both bodies are
inferred to be of carbonaceous chondritic composition, on the
basis of their aibedos, spectra, and bulk densities. How
can such a large body as Ceres have failed to melt if a
neighboring,: smaller body like Vesta did melt? How can a
carbonaceous boﬂy be in Martian orbit, well inside the zone
where carbonaceous material is believed to have accreted
(the outer part of the asteroid belt and beyond)? Personally,
I believe that it is not yet proven that Ceres and Phobos
are carbonaceous. |

The major result of asteroid research of the 1970;5, I
believe, is the recognition that astercid Eollisions have
probably been much more frequent than was believed; this
recognition has emerged from observational studies of
asteroid élbedos and sizes combined with improved'collisional
modelling. Collisions, both erosive and catastrophically
destructive, have been very important through the last 4
aeons, quite apart from the possibly even higher collision
frequencies in still earlier times. - Most asteroids, even
gquite large ones, must be regardéd as ﬁragments. Original
surface layers of asteroids must have been destroyed to

depths of many tens of kilometers., There are many implications



for meteoritics, including questions of accessibility of
phases formed deep in differentiated parent-bodies, modification
of chronological systematics, and the extent of regolith

environments in parent-bodies.
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I. INTRODUCTION

The asteroids are small rocky bodies that orbit in modesély eccentric
aﬁd inclined orbits, mainly between the orbits of Mars and Jupiter. With
the comets, they are the only known popﬁlation of residual planetesimais
from the earliest epocﬁs of solar system history. Despite their colli-
sional evolution, their thermal and geologicél evolution apparently has
been modest compared with that for main planets and their orbital evolution
has been modest compared with that of comets. Thus they, along with their
fragments among the meteorites, hold special clues for us about the early
development of the solar system. Their dynamical and collisional evolu-
tion continues to contribute to the major geological events (impact
cratering) on the less geologically active planets, such as the moon and
Mercury.

The modern era of asteroid studies commenced with the 12th IAU
Colloguium, he}d in Tucson, Arizona, in 1971 ("Physical Studies of Minor
Planets?; cf the proceedings, edited by Gehrels 1971). Since then,
progress in understanding asterocids has been exceedingly rapid, spurred
especlally by several astronomical observing programs that started about
1970. Especially notewvorthy are the determinations of asteroid sizes and

mineralogical compositions and theoretical understanding of asteroid

dynamical and collisional evolution. These have bequn to yield a fruitful

synthesis with studies of meteorites, classes of which are now thought to
derive from asteroids.

We regret that space limitations prohibit us from referencing most
of the cogené literature of the past decade; we are restricted to.espe—

cially significant or recent papers and those that review subfields of



asteroid science. Further, we regret that we cannot tabulate recent
Physical and orbital data for more than a handful of bodies. Reference
is made to the computerized TRIAD file of asteroid data (Bender et al 1978)

and recent published compilations by contributors to that file.

II. OBSERVATIONAL CHARACTERISTICS

A. Photometry

Photometry is the only techniéue pertinent to physical properties of
asteroids (chiefly size and albedo) that was regularly applied until the
last few years. Detailed photometric programs yield lightcurves
(Sect. II B) and phase angle_ variations (see review by Gehrels 1970).
The B magnitude of an asteroid, on the standard UBV system, varies (1) in-
versely as the sguare of the (known) distances from both Sun and Rarth;
(2) directly with the geometric albedo and with the reflecﬁing Cross—
section (neither of which is known independent of the other and both of
which vary wifﬁ spin and with viewing aspect); and (3) in an
unknown manner with respect to scattering geometry
(the unknown dependences with incidence and reflection angles for each
surface element are integrated into.an effective phase relation for the
whole face of the object);

The adopted Ffundamental brightness paraﬁeter for asteroids is the

absclute magnitude B{1l;0): the B magnitude "at 0° phase angle" reduced

to 1 AU distances from Earth and Sun. The latest tabnlation, based on
photoelectric data supplemented by photographic photometxy, is by Gehrels
& Gehrels (1977) and is included in TRIAD. Phase variations have been

measured - for few asteroids, so tabulated magnitudes are extrapolated from
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-observed phases to 0° rhase by a single relationship for all asteroids

that artificially excludes the opposition effect (brightness ;urge at 270
phase); beyond 100, the adopted corraction is 0.023 mag /deé (see Gehrels

& Gehrels 1977 for details). BAlthough the adopted correction for opposition
effect is baged on data for the anomalous astercid 20 Massalia, the effect is
probably due to surface texture and is similar for all measured asteroids (Gehrels
& Taylor 1977). But phase corrections vary among asteroids and probably
depend on both regolith texture and surface composition, which may de-

pend on asterold size. Since Gehrels' correction is based on diverse
photographic magnitudes for a modest non-bias-corrected sample of aster-

oids, it may not be representative and could even lead to systematic
diameter-dependent exrors. Indeed faint Palcmar-Leiden Survey asteroids

(van Houten et al 1970) vary with 0.039 mag/deg and Bowell (1977) reports
different pﬁase variations for C and S asteroids (composition types,

Sect. II E}. To avoid confusion, Gehrels' corrections have been

adopted for cautious use until more phase dependences are studied.

In the meantime, one may expect large errors in some tabulated magnitudes

such as the case of Cexes (Taylor et al 1976), for which a change of

0.3 mag was found due to an anomalous phase factor.

B. Rotations

Asteroid magnitudes varf periodically as they spin, mostly due to
changes in cross—-section for nonspherical bodies but partly due to albedo
variations and scattering anomalies. nMwmplitudes are typically 0.1 to
0.3 mag but can exceed 1 mag. Early unreliable photographic photometry

was replaced in the 1950's and 60's by photoelectric photometry ({the



methodology is desc¥ibed and resulté summarized by Taylor 1971)}. 1In the
1970's useful results are being achieved not only by photoelectric
photometry but also by photegraphic and even visual photomegry (results
for 1975 and 1976 are referenced by Schober 1977). Lagerkvisk (1975) and
Degewij & Gehrels (1976) have attempted photographic photometry of faint,
small asteroids; the latter‘is a statistical analysis of very faint uncata-
loged objects. E. Tedesco is maintaining the TRIAD file on lightcurves.

Lightcurves dominated by shape exhibit two maxima and two minima per
period for obvious geometrical reasons. Variability due solely to albedo
features can yield any number of maxima per period; but most commonly one.
Ambiguity concerning period is uncommon, but Vesta is now believed to
rotate in 1068 rather than the earlier value of 5@3%. A ﬁew asteroid
lightcurve amplitudes are too small to reveal rotation periods and a few
others spin too slowly to be conveniently measured {(the longest reported
period so far is A320 For 654 Zelinda)}.

Odd-order terms in the Fourier analysis of a lightcurve tend to
imply "spottedness® due £o albedo or scattering effects and even-order
terms imply nonspherical shape (cf Lacis & Fix 1971). The effect of
odd-order terms on the amplitude is typically 0.04 mag or less, suggesting
a high degree of compositional uniformity on measured asteroids (found
also by constancy‘with spin of color and of polarimetric properties).

Lightcurves provide data on asteroid shapes and spin-vectors. Maxi-
mum amplitudes are observed when the rotation axis is pexpendicular to
the line of sight, assuming an asteroid has had time to dissipate energy
and spin about its dynamically stable minimum axis, as seems generally

likely (Mcadoo & Burns 1974). Ovexr the course of several months or



years, an asteroid may be measured from several aspect angles with respect

to its spin axis (which may be assumed not precessing, except for espe-

cially small objects that may have suffered a recent collision). Suchdata

provide information on ecliptic latitude and longitude of the spin axis

(2 recent example is given by Sather 1976), but Dunlap (1971) has shown

that the technique requires pre-knowledge of the asteroid shape. The
tecﬁnique of "photometric astrometzy" (cE Tdylor 1971} depends on light;
curve timings at different epochs and in principle vields the spin vectox,
including the sense of direction. (Thermal radiometry is alsoc sensitive to
prograde vs rétrograde rotation: Morrison 1877.) 1In general the quantity of
photometric data available on individual asteroids has been sufficient to de-
termine only weakly (at best) the numerous unknowns: shape, spottedness, and
spin vector. Earlier conclusions that asteroid spin axes have large tilts
must be reevaluated, although the large Trojan, 624 Hektor, does have a rota-
tion pole near the ecliptic. fThe only secure parameter measured from light-
curves for a significant sample of asteroids is rotation period (tabulated for

about 160 objects), and even that may be subject to occasional misinterpretation.

C. Diameters and Albedos

Because asteroids are small and far away, their diameters once were '
obtained from absolute magnitudes (Sect. IXI A) by assuming a geo-
metric albede (typically d.l to 0.2). Such diameters (e.g. as tabulated
by Pilcher & Meeus 1973) are systematically too small and have relative
errors exceeding a factor of 3, since asteroid albedos are now known to
range from 20,025 to A0.35.

DIRECT MEASUREMENTS  Direct measurements of the diameters of the first

four asteroids were attempted using filar and double-image micrometers and



interferometers (reviewed by Dollfus 1971l). Little confidence can be
placed in these results since (a) astercid sizes are comparable to diffrac-
tion disks, (b) systematic errors are not easily evaluated, (c) xesults
were inconsistent (especially for Pallas), and (d) similar direct measure-—
ments of largex objectg, such as Meptune and the Galilean satellites, were
moderately erroneous. Recently, the new technique of speckle inter-
ferometry has -been applied to Vesta (Worden et al 1977), vielding a
diameter within 5% of values determined by radiometry and polarimetry’
(see below).
OCCULTATIONS  Precise diameters and shapes for asteroids may be obtained
from photometry of occultations of stars by asteroids. These events are
common (several occur per night somewhere on Earth involving asteroids
brighter than 12.5 mag and stars 32 mag fainter). But predictions cannot
normally be made for the usually faint, uncataloged stars. ° Predictable
events occur about once a year, but are difficult to cbserve since the
paths are nArYow {the diametexr of the asteroid) and uncertainties in
asteroid and star positions result in erxors in the location of the path
approaching 1000 km. Despite several coordinated attempts during the
past decade, photoelectric observations have never been obtained for more
than a single chord of an asteroid, which provides only a lower limit on
diameter. Visual timings of events lasting a few seconds have yielded
diameters for 6 Hebe (Taylor & Dunham 1977) and 433 Eros (O'Leary et al
1976} that agree with results from radiometry and polarimetry, but are too
imprecise to calibrate those less direct techniques.

Occultations of asteroids by the dark limb of the moon are easily

predictable and observable from wide areas on Earth but, due to rapid



lunar wmotion, photometry with timing ;esolution better than 0.0l sec is
required. Uncertainties in asteroid shape, limb-darkening, and albedo
features, conmbined with rough topggraphy on the lunar horizon, complicate
interpretation of photometric traces. The technique has yet to be suc-
cessfully applied to an asteroid.

RADIOMETRIC METHOD  Curxent knowledge of asteroid diameters comes from
two indirect methods. The first is based on a comparison of visible and
mid-IR maguitudes (Allen 1970). For asteroids of the same size at the
same distance, one of a lower albedo will be fainter in the wvisible but,
at the same time, hotter and hence will radiate more at 10 or 20 pum.
Quantitative application of the technique requires knowledge of the emis-
sivity and thermal inexrtia of the surface, the rotation period; and the
angular dependence of the reflected and radiated radiation. Radiometry
rover a range of Sun-astercid~Earth geometries can help specify scme
parameters. Thermal modelling assumptions are discussed most recently

by Morrison (1977) and Hansen {1977). Derived diameters are insensitive
to modelling assumptions for very dark objects of rock-like composition
with low thermal inertias. Present models may introduce systematic erroxrs
up to 20% in inferred albedos; especially unceréain are the relatively
high albedo objects of potentially metallic composition (S and M classes,
Sect. II E).

POLARIMETRIC METHOD There is an empirical relationship between geometric
albedos of powdered materials (crushed rocks, meteorites, and lunar soils)
and the slope of the polarization-vs-phase curve (Widorn 1967, KenKnight
et al 1967).‘ As recently calibrated in the laboratory by Zellner et al

(1977a, 1977b), the relationship is insensitive for albedos Z0.05. The



technique has the potential for inherent systematic errors approaching

those of the radiometric technique and there is significant scatter of the
laboratory data about the nominal calibration curve. Asteroid albedos
determined from polarimetry agree with those determined by radiometiy

{for albedos >0.05) to within a couple of percent.

BEST-KNOWN DIAMETERS Over 160 astéroids have been measured radiometrically
(summarized by Moxrison 1977) and about a third that number polarimetrically
(Zellner & Gradie 1976). The radiometric technique is based on sound
physical principles but- is subject to modelling uncertainties while the
polafimetric technigue is based on an empirical relationship for which

there is only an incomplete physical understanding. Various observational

uncertainties in both visible and IR photometry introduce appreciable scatter
in radiometric diameters (e.g. most published radiometry is based on compaxi—
sons of radiometry with tabulated values of B(1,0) without-iegard for individual
variations in visible or IR phase coefficients or lightcurve phase). Morrison
{1977) has tabulated best-known diameters and albedos for 187 asteroids, includihg
all objects >250 km diameter, by applying roughly equal weighting to radio-
metric and polarimetric results. D. Morriscn and B. Zellner, respectively, are
responsible for the TRIAD data files on radiometry and polarimetry.

It is possible to estimate diameters of unmeasured asteroids from
other photometric properties {color‘index, visible phase coefficients,
minimum polarization) known to correlate roughly with albedo. Such esti-
mates may be very misleading in individual cases. Fox instance, the very-
high-albedo E-type asteroids have UBV colors very similar to those of the
much more co&mon very-low-albedc C-type astercids. Asteroids having

physical or orbital parameters indicating probable C-type may have albedos



&0.04, while probable S-types may be ~0.15. Because C-types are predomi-
nant in the belt, a geometric albedo %v0.06 is applicable to a statistical
ensemble of bodies about which nothing is known. The proportion of 8 to C
bodies is reasonably invariant with size for diameters >50 km, but may

change at smaller diameters. (S- and C-types are defined in Sect. II E.)

D. Masses and Densities

Estimates have been made of the masses of Ceres, Pallas, and Vesta
from the accumulated perturbational changes in orbital leongitudes of other
asteroids in nearly commensurate orbits. From the motion of 197 Arete,
Hexrtz (1968} derived a mass for Vesta of 2.4 xu lO23 gm with a probably
underestimated formal error of F10%. From multual perturbations of Ceres,
Vesta, and Pallas, Schubart (1974, 1975) has obtained 1.17 x 1024 gn for

Ceregs and 2,26 x 1023‘gm for Pallas; Schubart's estimated percentage

errors are 4 times worse for Pallas than for Ceres. '

It may be possible to improve on these mass determinations slightly
and possibly extend the technique to one or two additional asteroids. It
may also be possible to determine masses for a few large asteroids from
their perturbations on Mars' orbit by analyzing accurate'ranges to space-
craft orbiting or landed on Mars. But definitive measurements of asteroid
masses await close approaches by spacecraft.

An important constraint on the internal constitution of asteroids
is density. Combined with the best-known diameters, the above masses
yield 2.2, 1.9, and 2.9 gm cm_3 for Ceres, Pallas, and Vesta, respectively.
Iikely errors exceed 1/2 gm cm“3 for Ceres and Vesta and 1 gm cmﬁ3 for

Pallas. Morrison (1976) has determined the relative diameters of Vesta and

Ceres to higher precision, which yields an apparently significant
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density ratio between the two of 1.33 + 0.17, dominated by the difficult-
to-estimate uncertainties in mass. Thus Ceres and Vesta are apparently

of different bulk composition. If cne cén trust the. derived densities,
Ceres and Pallas have buik dengities similar to the most primitive car-
beonaceous chondrites and vesta is wmore similar to terrestrﬁal‘énd ordinéry
chondritic rockg. Such compositions are-consisteﬁt wifh geochemical in-
ferences based on surface mineralegy (Sect. II E).

Estimates of the mass of the entire asteroid belt may be made assum-
ing asteroid interiors are composed.oﬁ compositions inferred for sufface
mineralogical assemblages (Sect. II E) and applying bias-corrected statis-
ties for the proportions of different compositional types to measured
brightness—-frequency distributions (Sect. II B & G). -Asteroids »>100 km
diameter total about 3.0 x l024 gm and the totval for the entire belt does

not greatly exceed three times the mass of Ceres alone; this estimate is

.consistent with that of Kresak (1977).

E. Spectrophotometry and Surface Compositions

ASTRONOQICAL OBSERVATIONS  Rocks and minerals differ in their wavelength-
dependent reflectance of visible and near-IR sunlight. Early programs of
asteroid colorimetry (reviewed by Chapman et al 1971), interpreted in

terms of colors of meteorites, were not definitive. More recent extensive

-~

programs of UBV photometxry (Zellner et al 1975, Zellner et al 1977c,

Degewij et al 1978), maintained in the TRIAD files by E. Bowell, have yielded

reliable colors for hundreds of asteroids. While this is an efficient

reconnaissance technique that distinguishes several broad types, the blue

portion of thé spectrum is not highly diagnostic of mineralogy.
Spectrophoéometry in n24 filtexs has been published for v100 asteroids

by Chapman, McCord, and coworkers (most presented by Chapman et al 1973a,
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McCord & Chapman 1975a, b) and is being reduced for 150 others (main-

tained in TRIAD by M. Gaffey and C. Chapman). These spectra reveal absorption

features near 1 um in spectra for many asteroids.

Spectral windows beyond_l e contain important electronic and
molecular absorption features, but faint objects cannot be measured because
of the lesser brightness of the sun and detector insensitivity. Broad-
band measurements at J, H, and K wavelengths, combined with visible photo-
metry, provide data unsuited to defining absoxption features but appear to
be sensitive to metallic irxon (Veeder et al 1977; for other data cf Chapmén
& Morrison 1976 and Gradie et al 1977). Measurements beyond 3 um, ac-—
complished so far only for Ceres (Lebofsky 1977), are sensitive to water of
hydration., Interferometric spectra to 2.5 um (with resolution of ~35 cm—l)
have been published for Vesta and 433 Eros by Larson & Pink (1975) and
Larson'et al (1976). Both spectra reveal the 2 pm pyroxene -band. The tech-
nigue can be extended toward 4 um but only for bright asteroids. Far—u}traw
violet ¥eflectance data have been obtained for a few asteroids from above
the ﬁarth's atmosphere (Caldwell 1975), but are not highly diagnostic of
composition. l

Spectral observations of emitted thermal radiation beyond 5 um could
provide useful compositional information, but little has been learned
from differences in 10 um and 20 pm radiometxry and occasional measurements
at longer wavelengths.

COMPOSITICONAL INTERPRETATION it is less easy to interpret reflection
spectra of solid surfaces than gaseous spectra. Absorption bands are
broad and feé in numbex,and physical factors unrelated to composition {e.g.

particle size) influence spectra. Nevertheless such spectra are



B-15

12
highly diagnostic for many common minerals {cf Adams 1975). The
clearest inferences are possible for spectra dominated by the signature of
a single mineral that has diagnostic features. Pyroxenes dominate reflec-
tion spectra of many rocks because of their intermediate opacity (trans-
parent minerals reflect light chiefly from surface facets despite long
pathlengths traversed in the material, while high-opacity éubstanées
hardly transmit light at all and so also ethibit primary surface reflec-
tions). Pyroxenes have strong IR absorptions involving the Fe2+ ion within
the crystal lattice; bandcenters vary predictably depending on proportiohs
of caleium, iron, and magnesium in the crystal, yielding a precise tool
for determining pyroxene composition. Other minerals {e.g. olivine and
plagioclase) have important IR bands. Transparent minerals with feature-
less spectra may constitute a significant éortion of a mineral'assembléée
and remain undetectable whereas opague minerals manifest themselves by
reducing or blocking the spectral features of pyroxenes or similar minerals.
The soundness oé such'approaches to interpreting asteroid spectra wvas
proven vhen the prediction of a 2 um pigeonite band on Vesta, based on
the observed 0.9 um band (McCoxd et al 1970), was confirmed by Larson &
Fink (1975}.

These approaches to interpreting astercid spectra are somevwhat com—
plicated by the fact that the silicate absorption features are subdued on
many asteroids and absent on others. Interpretations for asteroids lacking
deep bands variously invoke the absence of strong~featured minerals, -
blocking by an opaque phase, and apparent presence of the spectral signa—
ture (not involving distinct absorption banés) oﬁ nickel~ixon alleoy. These

potentially challengeable interpretations are strengthened by a combination



©of (1) matching spectral traits against a library of lab spectra of
various meteorites and other rocks, (2) attempts to model spectra of simple
artificial multi-component mineral assembléges, and (3) geochemical con-
siderations of cosmically abundant elements and plausible mineral assem-—
blages. Early work on interpreting asteroid spectra is referenced and
briefly summarized by Chapman {1976). Inclusion of albedo data with spec-
tral data in mineralogical interpretation was done by Chapman et al (1975).
_ The most recent and definitive interpretation, with discussion of meteor-
itical analogs, is that of Gaffey & McCord (1977a).
COMPOSITIONAL TYPES Thirty-five recognizably different visible and near~IR
spectral types are grouped in Table 1 into 16 groups of significantly
different inferred mineralogical assemblages. Most asteroids fall into
two broad types: the C-type {(inferred to be akin to carbonacecus chondrites) and
the S-type }various silicate-metal mixtureé, perhaps akin tb stony-iron meteoxr-—
ites). The inference that the vexy dark C-types are carbonacecus has been
strengthened by Lebofsky's (1977) discovery of a water of hydration band on
the C*-type asteroid Cexes. The silicate absorption features are cbvious in
most spectra of S-types, but the inference that there is aiso a metal phase
{nickel-iron alloy} present has been more.controversial. The IR measure-
ments of Veeder et al (1977), combined with the analysis of soil maturation
effects by Matson et al (1977), argue against the chief alternative to the
" nickel~iron interpretation. Soon radar-backscatter measurements of large
S- and M-type asteroids should prove or disprove the inferred 1arge.abun—
dance of metal on these asteroid surfaces.

The C and S types are recognized by bimodalities in several observa-
tional parameters, inclﬁding depth of the negative branch of polarization-

vs-phase curves (an opacity-related parameter that separates the groups
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most clearly), albedo, and color index. Particular ranges in five parame-
ters were used by Chapman et al (1975) to define these typgs. T@e defini-~
tions have been slightly modified by Bowell et al (1978), who have classified
v560 asteroids. ?hey added a few new types, including M~type {a mnemonic

for "metal", whic@ is apparently the spectrally important phase present,
although possibly pixed with featureless silicates as in enstatite chon-
drites) and E~Lype {a mmemonic for the possible interpretation as “enstatite
achondrite?; cf Zellner et al 1977d). Anomalous asteroidé, such as Vesta,
are considered "unclassified" (U-type).

' An attribute of the (C-S-M-etc. taxonomy of Bowell et al (1978) is that
it permits numerous asteroids obsexrved by one of the reconnaissance techniques
(e.g.lnsfphotometry) to be given probable clagsifications and calls attention to
anomalous objecfs. Furthermore, such an albedo—sensitivé taxvonomy is use-
ful for studying the statistical and distributional properties of asteroids.
Correction for obser;ational selection biases against low-albedo and more
distant asteroids wer; first applied to a sample of V100 asteroids by
Chapman et al (1975) and more recently to a sample three times larger by
Zellner & Bowell (1977). Sampling bias is dominated by apparent bright-
ness, so ceorrections are performed by weighting each observed astercid of
mean opposition magnitude B{a,0) by the ratio of total asteroids of that
apparent magnitude to the number in the sample. Apparently there are
A560 mainbelt asteroids 250 Em diameter, of which 76% are C, 16% S, 5% M,
and 3% other. S-types constitute 2/3rds of asteroids at the inner edge
of the mainbelt, but only 15% in the middle of the belt decreasing to 6%

at the 2:1 resonance. Zellner and Bowell find.that large asteroids avoid

. Kirkwood gaps more completely than small ones, but contrary to earlier
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suggestions they see no evidence for a compositional correlation with

pProximity to gaps.

F. Surface Textures and Regoliths

The physical state of an asteroid surface affects the manner in which
cratering impacts redistribute or eject material. In early epochs, when
collisional velocities were lower, the development of particulate surface
layers (regolith) probably assisted accretion (Hartmann 1978). Aste;oidal
regoliths, both ancient ones and those evolving today, are hypothesized
as enviromments for the creation of many types of gas-rich, brecciated
meteorites {cf Pellas 1972, Rajan 1974).

Few observations conclusively reveal the surface structure of asteroids.
Polarization data are interpreted as indicating dusty surfaces; a dusting
is the easiest way to produce the intricate surface strxucture required:
Radarx penetra£es to greater depths, but it is unclear whethgr the extreme
roughness found for Eros at scales >4 cm radar wavelengths (Jurgens &
Goldstein 1976) necessarily rules out a deep regolith. Microwave measure-
ments of Ceres and Vesta have been interpreted (Conklin et al 1977) in terms
of regoliths -- a dusty surface for Ceres, more compacted for Vesta.

Qualitative theoretical considerations have led to hypotheses that
most asterxoid regoliths are very thin (Chapman 1976) or many kilometers
deep (Anders 1975). A quantitative model by Housen et al (1977) predicts
deep regoliths on the largest asteroids, but negligible regoliths on rocky
bodies S10 km diameter or on relatively unconsoiidated bodies 21 km
diameter. Early in an asteroid's life, the surface level of a typical

region actwally rises, due to blanketing from large ancmalous cratering
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events elsewhere on the body; later, rapidnet erosion may occur on typ'ical
regions prior to catastrophic fragmentation of the whole body. Repetitive
gardening of the surface by small impacts is inefficient in competition
with erosion and blanketing, so asteroid-regoliths should have a coarse
texture. The model suggests that most small- to moderate-sized asteroids
"should be surrounded by the ejecta from the last major cratering event,
probably masking any local compositional variations; this is consistent
with the apparent volarimetric and colorimetric uniformity neaxrly all’
asteroids display as they rotate.

Asteroid surfaces may superficially resemble Phobos, as photographed

by Viking. Yet ejecta from Phobos cannot immediately escape Mars' gravi-
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tational potential well and may reaccwaulate on Phobos, yielding an anomalously

thick regolith (Soter 1971), a situation that does not apply to asteroids.

G. Size Distribution

Relative to the few hig asteroids, smaller ones are increasingly

. abundant. The size distribution has been derived from the bias-corrected
statistics of Zellner & Bowell (1977) for diameters U50 km and may be
supplemented at smaller diameters by photographic magnitude surveys. The
first survey was the McDonald Survey or MDS (Kuiper et al 1958), which is
néaxly‘complete to apparent photographic magnitude 15 or 16. Corrections
were made for minor incompletenesses in coverage as well as the plate-
measurers' completeness factors near the limiting magnitude of the plates,
Frequency relations of B{1l,0) were obtained for each of three concentric
zones in the bhelt; an exxor in tabulated completeness factors for the
outer zone was corrected by van Houten (1971). The Palomaé—Leiden Survey

or PLS (van Houten et al 1970} sampled asteroids down to mag 20 in a
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12° x 18° part of the ecliptic during two successive months. The factor
of 50 extrapolation from this sméll region to the whole belt.involves
assumptions which have been questioned (cf Kresdk 1971; Kiang 1971;
Dohnanyi 1971, and discussions of same by van Houten; also see Sect. IV H).

Comparisons of the revised MDS and PLS reveal a discrepancy of a
factor of two in the region of overlap between 11 < B(1,0) < 13. One
reason may be the small PLS sample in this range (Van Houten [i97i] says
it is 12). Second, the "revised" MDS values for objects fainter than
B(1,0) = 10.0 are based on extrapolations of an average of one linear fit
and one curving fit to the MDS plot of log number vs magnitude. But a
linear extrapolation (MDS eq. 7) is without justification, especially now
that PLS data and direct diameter measurements confirm the curving rela-
tion given by MDS eq. 6.

Fig. 1" shows the bias-corrected size-frequency data of Zellner and'
Bowell. The differences between the shapes of the smooth curves drawn
through the C data and through the S+M data are not significant. The
dashed extrapolations are hypothetical, but they must satisfy the PLS data,

which constrain at least one curve to bend upwards at small diameters.

III. ASTERCID COLLISIONS

A. Erosion and Fragmentation

Although an individual asteroid is small compared with the volume
of the belt, its geometric cross-section sweeps out a huge volume over
lO9 years. Thus interasteroidal collisions, at velocities of A5 km sec"l,

are common and the resulting erosion and fragmentation determines the

asteroid size distribution, probably forms Hirayama families, and liberates



some of the meteorites and cratering projectiles that strike the Earth

and other terrestrial planets.
Most calculations of asteroid collisional evolution are based on a

-

particle-in-a~box approach, with the box taken to be the effective volume

of the asteroid belt (8.5 x 10°°

kms, according to Dohnanyi [1969]).
Wetherill (1967) found that the particle-in-a-box approach underestimates

collision timescales by factors of 1.5 to 2. Two pacrts of a continuum of

astercid collisions may be distinguished by the ratic of diameters of the
larger and smaller colliding bodies (D/DS). If D/’DS > some parameter Y,
the smallexr body craters the larger one. Such erosive collisions gradually
reduce the size of the larger body, provided the ejecta that escape ex-
ceed the mass of the projectile, which is true for -even the largest astexr-
oid in the present 5 km secql velocity regime., For colliding bodies more

nearly equal in size (D/Ds < ¥), catastrophic collision occurs and the

larger object fragments into a distribution of smaller pieces.

The size ratio y depends on velocity and the physical traits of the

bodies involved -~ their material strength, density, and gravitational field.

The kinetic energy of the projectile is partitioned into fracturing and
comminution of both bodies, heat, and the kinetic enexgy of the ejecta.

The partitioring has been examined in detail for cratering on semi-infinite
surfaces (O'Keefe & Ahrens 1976), but may be roughly applied to asteroid
collisions. Some laboratory measurements have been @ade of such parameters
as the energy per unit volume necessary to rupture an cbject (for basalt,
V3 ox 107 ergs cm"3; Greenberg et al 1277, Hartmann 1978), the size of the

largest fragment for excessive energy densities;and the size and velocity

distributions of the smaller fragments.
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Material properties help establish y. An impact of given energy makes
a much .larger crater, or disrupts a much larger body, in weak ﬁaterial than
in strongmaterial; the resulting ejecta velocities are concomitantly much
reduced for weak material. Tor 5 km sec_1 collision velocities in the
belt, ¥y = 18 may be appropriate for hard, rocky bodies sufficiently small
that the gravitational binding strength is << the material strength.
Y & 7 for iron. Presumably y >> 18 for gravitationless carbonaceous
bodies; but for a weak body of moderate size or larger, energy sufficient
to fracture the body is often insufficient to disperse the‘fragments. In

that case y is deteimined by the gravitational, rather than material,

'strength of the target body.

The size distribution of a fragmental event may be roughly log-normal,

but it is commonly represented by a truncated incremental power~law fre-

quency distribution of the form dN/dD = a D~b, for diameter D bigger than

some lower limit determined by mass conservation. For size ratios near Yr
a barely sufficient energy is delivered to the target to rupture it and
the fragmental distribution is found to have b &% 3. For cratering events
and destructive collisions involving excessive energy densities (D/DS'¢<Y),
there is more comminution and b % 4 (Hartmann 1969, Greenberg et al 1973).
A weakness in Dohnanyi's (1.969) analyfical treatment is that he adopted

b = 3.4 for all cases, cratering and catastrophic fragmentation,

Full consideration of relevant physical processes and experimental
data may reveal weaknesses in eaxlier considerations of asteroid collisional
evolution (e.g. Wetherill 1967, Dohnanyi 1969, Napier & Dodd 1974). The
characteristic lifetime against catastrophic. destruction varies roughly

as VD in these theories and the asteroids evolve o a size distribution



20

that varies within‘ﬁarroﬁ limits about b = 3.5 {earlier theories gave

b = 3.0). Chapman et al (1977) have modelled most of the physical processes
discussed above, including the mutual interxaction of populations of bodies
of diffexent strengths (to simulate ¢ and § types);: they find coilisionally
evolved size distributions for C and S types gqualitatively resembling the
observed curving distributions (Fig. 1), which cannot be characterized ﬁy

a single value of b.

The nonlinear shape of the size-distributions, first noted by Kuiper
et al (1958), was interxpreted by Anders (1965) and Hartmann & Hartmann
(1968) as indicating a remnant accretionary population of asteroids with
a "tail” of smaller collisional fragments from several of the original
bodies. The shape of the power-law-like size distribution for smaller
aslerolds did appear consistent with tﬁe size distributions obscrved in
nature and in the laboratory for fragmented rocks (Hartmann "1969). The
major downward revision of astercid albedos in the 1970's caused an upward
revision in collisionai cross—sections, hence decrease in lifetimes against
destruction by catastrophic collision. Virtually all rocky asteréids must
now be thought of as fragments. Chapman (1974), noting evidence {now ob-
solete) that the nonlinearity might be confined to the S-types, suggested
they could be bodies preserved from early epochs despite the much greater
collision rates if they were very strong, such as metallic cores.of geo—
chemically differentiated bodies. More recent observations (Fig. 1) show
that the C-type bodies also fail to exhibit a simple linear fragmental dis-
tribution. Chapman et al (1977) suggest this may result from variable strength
of inherently weak C objects dominated by gravitational strength at larger
sizes, combined with their collisional interaction with S bodies. Howvever,
a definitive explanation of the cbserved sizg distribition awaits further

research. A major conclusion that has emerged during the 1970's is that,



21

-

unlegs asteroids are much stronger than we believe, nearly all of them
(including all but the largest ones) must be fragments of precursor bodies.

Chapman & Davis (1975) suggested the asteroids might be a collisional
remnant from a much vaster population of bodies in early epochs. The life-
times of the largest asteroids against catastrophic fragmentation are
probably a few x lO9 yr, which is consistent with collisional depletions
ranging fromronly a factor of 2 up to a huge factoxr. Chapman & Davis
offered a highly model-dependent estimate of an early population 300
times that present today.

At the opposite extreme, Alfvén & Arrhenius (1970a, b) believe that
accretion of asteroids competes effectively with fragmentation. This re-
gquires that asteroids have organized motiong that result in collision
velopities << 5 km sec—l. Napier & Dodd (1974) argue that formation of
such jet stréams requires volume densities vastly greater than exist in the
asteroid zone. The observational evidence for jet streams (Arnold 1969)
is of guestionable statistical significance. Moreover the preferred orien-
tation of the node and berihelion, which distinguishes a Jjet styream from a
Hirayama family (Section IV I), has been demonstrated to pe due to obser-

vational selection in at least one case (Kresak 1971}.

B. Asteroid Rotations

Alfvén & Arrhenius (1970a) suggest that the typical rotation periods
of astercids (8 to 9 hr) are too long to explain by rotational instability,
that any modification of "original" periods by collisions should result in
shorter periods for smaller fragments (not clearly observed), and there-~

fore that the observed rotations$ are primordial.
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Although asteroid rotation periods (cf Burns 1975) are independent
of size down to a few km diameter, there is a suggestion of excess angular
momenta for a few numbered objects less than 3 km diameter and from statis—
tical analysis of lightcurves of very faint asteroids by Degewiij &
Gehxels (1976). Proper interpretation of these data require the under—
standing that unless an asteroid is very small or strong, it will be
catastrophically fragmented by any collision sufficient to markedly change
its spin. Harxis (1977) has shown that most asteroids are rotating at an
appropriate equilibrium rate for a collisionally interacting population.
The more rapid rotation of small asteroids suggests they have at least
modexate strengths; if the V100 km diameter S~ or M-type asteroids are
indeed strong metallic cores, they might show a detectably greater disper-
sion about the 8 to 9 hr mean period. Asteroid precession, if observed,
would also yield information on collision freguencies and méterial strengths;
but few asteroids have_been obsexrved well enough to determin? whether or
not they- are rotating about their b;dy axes,

Asteroid lightcurve maximum amplitudes have been taken by Anders
(1965) and others as a measure of whether or not an asteroid is a fragment
(large amplitude) or original accretion (small amplitude). Apart from the
lack of compelling reasons for assuming original accretions to be spherical,
other effects apparently control ssteroid shape. The smallest asteroids,
which certainly are recent fragments, have smaller amplitudes than wmoderate-
sized bodies (Bowell 1977). as for the larger asteroids, gravitational
compression would constrain those made of very weak materials to roughly
sphexrical shapes, even if they were fragmental (Johnson & McGetchin
1973); this effect is apparent for C-type objects > 100 km diameter

(Chapman 1876) .
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Iv. ' DYWAMICS AND ORBITAL EVOLUTION-

A. Introduction

We havé just considered.how asteroid collisions produce fragments,
large and small. Perturbative forces of planets redistribute them, some-
times onto orbits that cross those of the terrestrial planets, resulting

in impact or further orbital evolution. The asteroids are depleted and

_gaps are created in the distribution of orbits. Thus dynamical evolution

may link the asteroid belt and the meteorites” that strike Earth. This
section leads to consideration of meteorite origin, geochemical evolution
of parent bodiés, and cratering. Furthermore, we discuss clues in the
present orbital distributions about early epochs in the origin of the
asteroids and the planetesimal swarms from which planets accreted.

Two types of orbital resonances are known to be important for aster-

oids. First, commensurabilities in periods of an asteroid and planet

(usually Jupiter) cause variations with typical periods of centuries.
Second, when the rate of the longitude of node or perihelion of an aster-
oid matches 2 frequency of one of the fundamental, long-period oscillations

of the planetary system, an asteroid is in a secular resonance; such

- secular perturbations have timescales of a few million years. A thixzd

type of behavior, libration of the argument of perihelion, is not usually

classed as a resonance,

B. Commensurabilities and Kirkwood Gaps

If an asteroid and planet nearly repeat their relative positions
after an integral number of revolutions of both bodies, then perturbing

forces systematically repeat. For such a resonance, a phase angle is



defined of the form ¢ = QA = Plj ; (P ~ Q) &, where Q and P are integers,
A and kj are the mean longitudes ¢f the asteroid and the jth planet, and
 is the longitude of periﬁelion of the asteroid. P:Q is the ratid of
periods of planet and asteroid. The most common (P # Q) commensurabilities
depend on asteroid orbital eccentricity, but inclination-dependent reso-
nances are possible for which @ must be xeplaced by the node R. Also
possible are resonances controlled by the eccentricity (e) or inclination
{i) of the planet, in which case &j or Qj replaces @. Most commensura-—
bilities are eccentricity~-controlled since terms occur in the expansion
of the perturbing potential at one lower power of the eccentricity than
of the inclination; this power is the difference [P«Q], called the degree.
Resonances may be shallow, for which ¢ circulates slowly and large ampli-
tude oscillations in the orbit have the period of that circulation, or
deep, for which o cannot take on all values but librates about some
value (usually near 0° or 1800) and large orbital oscillations have the
period of this libration.

Librations frequently act to prevent close approaches between an
asteroid and planet. Librating asteroids are preserved for P:Q = 4:3
{279 Thule}, 3:2 (Hilda type}, and 2:1 (Hecuba type, i.e., 1362 Grigua, 1921 Pala,
and 1922 Zulu), with Jupiter the perturbing planet. For each case, ¢ librates
about a value near 0°. When the asteroid and Jupiter are passing the same
longitude so that A = AJ {which together with o % 0 means that the mean anomaly
_A - @ % 0), the asteroid is always near perihelion; when the asteroid is near
aphelion, Jupiter's longitude cannot be similar. This results in striking sta-
bilization. Some Hilda-type asteroids have ;phelia nearly reaching Jupiter's

orbit, but they are safe from Jupiter encounters closer than 1 AU.
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Cbjects for which ¢ oseillates most are least stable. Commensurabilities
at 1:1 (Trojans) and 3:1 (887 Alinda and 1915 Quetzalcoatl) also contain
librators. Both of the latter arxe Mars-crossers and could have been
placéd in librating orbits during a close encounter with Mars.

The best examples of libration due to commensurability arg:the Trojan
asteroids of Jupiter (Table 2) at the 1:1 commensurability, librating
about ¢ = tﬁoo. Everhart (1973) started 221 hypothetical objects in low
inclination, circular orbits between 4.68 and 16.4 AU and calculated their
orbital evolution under the influence of Jupiter and Saturn. Twenty-~five
of them librated about the Jupiter Trojan points for >1000 yr, of which
10 lasted the length of the integration, &30,000 yr. All se;en Saturn
Trojans were.stable for similar durations., The real Jupiter Trojan‘1173
Anchises and 6629P-~L were found to be stable for &160,000 vr int;grations.
No gaturn Trojans have yet been discovered, although the limited searches
to da%e do‘not rule out their existence.

Everhart alsc studied a type ofrlzl libration called horseshoes
which, in a coordinate system rotating with the orbital rate of the planet,
are large C-shaped loops enclosing both Trojan points and the thirxd
Lagrangian point, which lies on the side of the sun opposite the planet.
Jupiter horseshoes were not very stable, consistent with the fact that

none have been discovered, but several Saturn horseshoes seemed moderately

stable. Weissman & Wetherill (1974) have studied Trojan and horseshoe
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orbits associated with Earth, yielding stability for as long as 10,000 yr
on Trojan—-type orbits. They argue that modest eccentricities and inclina-
tions for the planets and libratoxrs will not disrupt stability, which is
supported by the existence of Jupiter Trojans with e wp to 0.15 and i up
to 34°.

Horedt (1974) examined whether, if Jupiter lost mass, outer satellites
might escape and become Trojans. Evidently such satellites would avoid
the Trojan points, escaping always from the sunward side of Jupiter, in
accoxrd with Hill's zero-velocity surfaces in the restricted three-body
problem. The minimum in the potential energy barrier over which the
satellite has to escape occurs at the sunward lLagrangian point while,
contrary to popular misconception, the Treojan points ryepresent local
potential energy maxima in the rotating coordinate system (potential energy
is taken to be negative for gravitational interactions), g

it seems paradoxical that asteroid groupings appear at the 1:1 and
3:2 commensurabilities, ‘while those at 2:1, 3:1, 5:;2 and 7:3 appear as
Kirkwood gaps. For a > 3.95 AU, all reliably observed minor planets are
commensurate, with the possible exception of 944 Hidalgo which, in any
case, may be an extinct comet (cf Marsden 1972). BAs discussed above, any
noncommensurate asteroids would long since have been eliminated by close
Jupiter encounters, but at smaller semimajor axes a, noncommensurate
objects become stable and we see Kirkwood gaps partly by contrast. The
origin of these gaps, apparently due to a combination of dynamical and
collisional. processes, has been much studied.

Both Hilda (3:2} and 2:1 type asteroids‘have first-order commensura-

bilities with P-Q = 1, but there are 24 numbered asteroids of the formexr
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type (see Table 3) and only 3 of the latter, despite obéervational biases
favoring the latter. The brightest 3:2 librator has B(l,0) ~ 3 mag
brighter than the brightest 2:1 librator. Giffen (1973) studied the
averaged planar elliptic restricted three-body problem for the two commen-—
surabilities and found that intriguing changes result from a finite

value for -the . eccentricity of  Jupiter's orb%t.

Periodic solutions were found for both commensurabilities when an integral
number of libration periods equalled the.period of the longitude of -peri-
helion. For the nonperiodic cases, Giffen plotted avs e and 0 vs ¢ at
systematic times, such as each maximum of a. If the points lie on smooth
so-called invariant curves, an integral of the motion exists and the orbit
is stable. For the 3:2 case, initial e from 0.1 to 0.3 and initial a of
3.920 - 4.015 AU gave invariant curves. For the 2:1 case, initial e's from
0.1 to 0.34 Were checked and only those >0.30 gave invariant-curves.
Gif%en hypothesizes that cases without invariant curves might rule ocut

the existence of such asteroids, but he suggests no mechanism for their
elimination and concludes that their possible existence is not yet
disproven.

The existence of the invariant curves demonstrates stability against
the close appxoaches to Jupiter which radically change orbits and remove
real objects by collis}on or gravitational ejection from the solar system.
But nonexistence of invariant curves does not demonstrate Jimited 1ife-
times for low-eccentricity cases unless §qph orbits can be shown to evolve
to higher teccentricities S0 that ‘close Jupiter
approaches océur. Alterpatively a librating object might-simply move out

of the Kirkwood gap. One of Giffen's cases which was increasing in e and
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a was furthexr followed by Scholl & Giffen (1974) and Froeschlé & Schol;
(1976); its variation of a and e is bounded and of moderate amplitude, so
the apparently least stable of Giffen's orbits lacking invariant curves is
stable. A dynamical means for emptying the 2:1 gap thus remains unknown.

Giffen's suggested nonexistence of 2:1 librators with e < 0.3 may be
checked observationally. Franklin et al (1975} note that the three numbered
librators (1362, 31921 and 1922) now have & between 0.34 and 0.47, supporting
Giffen's suggestion, but that i's of 19° ~ 36° are far from Giffen's 0°
case. Thirty-three unnumbered objects, with orbit gqualities ranging from
hopeless to very good, lead to libration when integrated. The best one
is 1928UF=1928WC= the original 1125 China, which was measured on eight
nights over a 1% month span. Its e of 0.22 and low i seems to violate
Giffen's hypothesis, but the object has not been recovered.

The Kirkwcod gaps at 2:1, 3:1, 5:2 and 7:3 have been sfhdied by
Scholl & Froeschlé (1974, 1975) and Froeschlé & Scholl (1976) using
the planar elliptic case. With 104 and lO5 yxr integrations, they show
that commensurabilities, except for the 7:3, include some oxbits with e
oscillating between modest values and values >0.3. Since'only a fraction
of orbits in gaps show large changes in €, it is unclear how the gaps are
depopuléted‘ Scholl & Froeschlé adopt Jefferys' (1967) éuggestion that in-~
creased collision probabilities of periodically eccentric bodies with other
asteroids may deplete the gaps. But even if the present asteroid population is
a decayed remnant of a larger population (Chapman & Davis. 1975), e's would have
to greatly exceed 0.3 to deplete even part of the gaps, since high e's exist
elsewhere in the belt where population densities are much higher in the

gaps. For the 3:1 case there is an alternative to collisions for part of the



29

gap, since objects with e > 0.27 can be eliminated by close Mars encounters.

Of course, the dynamical models so far applied to the problem of
Kirkwood gaps are simpler than xreality. Enhanced eccentricities appear to
result from the complex intermingling of a commensurability and the longer
period secular perturbations due to perihelion rotation; The calculation
of perturbations due to Jupiter's precessing, variable e orbit provides
several additional frequencies to mix with commensurabilities beyond thé
one zexo frequency present in the fixed ellipse case. These may affect a
larger fraction of gap orbits. Future studies should also investigate
inclined asteroid orbits.

Franklin et al (1975) exemplified a new kind of 2:;1 librator, called
apparent apocentric librators, for which ¢ librate§ about 180° rather than
0°. When ¢ librates, & circulates and vice versa. Greenberg & Franklin
(1975{ have éxplained the behavior of @ and e when the foxced oscillations
in e due to the nearby 2:1 commensurability exceed e itself, appropriately
averaged over an oscillation. The temporarily small values of e occur
for asteroids with proper e ~0.04, about the same size as foxced oscilla~
tions in e due to long-period secular perturbations. Greenberg & Franklig
explained the behavior of ¢ as well: when forced oscillation in e due to
the 2:1 commensurability dominate the wmotion of &, driving it into rapid
circulation, the circulation fregquency is exactly that needed to cause

libration of ¢ with a 180° phase. Such temporary apocentric librators

occur at a slightly beyond the main librating region. BAnalogous temporary

pericentric librators occcur just inward from the main librating regicn.

Temporary librators are not deep enough into resonances to be as strongly

modified as ordinary librators; the secular perturbations are strong
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enough to push them into and out of the narrow region of e at the edges of
the resonance where libration occurs. (These phenomena have yet to be
generalized to other commensurabilities.)

Wiesel (1974a, b) developed a theory of phase mixing of an initial
asterocid distribution and_applied it to the 2:1, 3:1, and 5:2 Kixkwood gaps.
He developed the two integrals of the rescnant motion to first order in e
for the planar case with a circular Jupiter orbit. The distribution is
calculated after the phases of resonant terms for different objects have
become randomly distributed. For smooth initial a-e distributions, the
largest depletion is about 50%, with a corresponding augmentation on the
inward side-of the resonance. The effect is much smaller for initial dis-~
tributions mimicking the belt adjacent to the 2:1 gap. Wiesel points out
that a mechanism_that relies solely on the dynamical redistribution of
librators to depopulate the gaps is doomed since so few objécts near gaps
are librators. Since gaps are wider than libration regions, a mechanism is
needed that selectively removes librators and adjacent circulators. The
missing mechanism may be collisions, but Wiesel points out that for
reasonable initial distributions near the 3:1 and 5:2 gaps, the increase
in average e, hence collision xate, due to the librations is quite modest.

Zimmerman & Wetherill (1973) showed that asteroids adjacent to the
2:1 gap collide and inject fragments into the libration region. ILibration
periodically avgments small initial e's to as much as 0.3 to 0.4, but
prevents close approaches to Jupiter. If librating fragments suffer fur-
ther high-velocity collisions while e's are large, some resulting fragments
will be put in nonlibrating orbits +that can approach Jupiter. On a time-

scale of %105 yr, such approaches random-walk the orbits into different
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paths (important implications for deriving meteorites are discussed in
Sect. IV E). Thereﬁy we may collisionally populéte and depopulate the
Kirkwood gaps, but destructive collisions seem to be required. ILesser
collisions cannoct modify thg orbit sufficiently and thé probability of a
destructive collision approaches unity before the effects of lesser col—
lisions could accumulate. This problem requires further work.

There is yet another possibility: Jupiter's e causes extra periodici-~
ties in e for a librating object so that the range of e and o variation is
increased. To be stable against close Jupitef encounters, orbits must bhe
stable for the full range of variation of Jupiter's e (0.027 to 0.062).
Orbits which librate only part of the time would be eliminated by close
Jupiter encounters if they can leawve libration with e > 0.3.

We have used the word "stability" to describe orbits that can exist
for the age éf-the solar system. Empirical evidence suggesté that a minimum
approach distance to Jupiter (the major dynamical destabilizer in the outer
asteroid belt) of ~1 AU is the limit for such stability, but the limit has
yet to be theoretically computed. Wg have seen that some commensurabilities can
increase stability, b& increasing minimum approach distancés. But other
librating orbits are unstable, as exemplified by comets which exhibit
temporary librations of a few cycles and are suddenly terminated by a close
approach éo Jupiter (Marsden 1970, Franklin et al 1975), which results in eventual
ejection from the solar system or collision with a planet.

Heppenheimer (1975) studied the effect of a changing Jupiter/Sun mass
ratio {e.g. in early solar system history) on evolution of degree one com-

mensurabilities, especially that at 2:1. He identified two adiabatic in-

. o . . . . s . .
variants foxr 0 i orbits and a.circular Jupiter orbit. For slowly increasing

Y
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mass ratio, circulating orbits adjacent to the libration region become
librating orbits. Transition from circulation to libration is reasonable
since the width of the libration region scales as the square root of the
mass ratio:; an example is transition from low e circulation to a higher e
1ibratioﬁ. If transitions could occur between high e circulators and
libration, then a decreasing mass ratioc might transfer librators into cir-
culators which pass close to Jupiter and would be terminated. While slow
mass change of Sun or Jupiter could change the number of librators, it
would not provide an obvious way to empty the Kirkwood gaps. (& brief way
to calculate the width of the 2:1 resonant region was given by Walsh &
Zimmerman, 1971.}

Because the strength of a commensurability involves elP_Ql or sin i[P“Ql,
low~degree commensurabilities have wider resonance regions, hence are more
probable, than highwdegreeopes. Por asteroids of modest e or i, resonances
involving i can occur only for even values of IP—QI > 2 while e-controlled
commensurabilities ocour for any value of [P~Q[ > 1; hence, we know of many
e-controlled librators but no i-controlled librators.

1685 Toxro crosses the orbits of Earth and Mars and approaches Venus'
orbit; the above generalities do not apply to such orbits that approach planets
closely; high-degree resoﬁances then become possible. Toro's complex behavior
—— near commensurabilities with both Earth (5:8) and Venus (5:13) -- has
led a succession of authors (most recently Williams & Wetherill, 1973) to
run numerical integrations for up to 5000 yr.  Since Earth and Venus have
a near-commensurability of 13:8, Toro's two commensurabilities can be
simultaneously impditang‘and both are capabié of temporary librations.

But Toxo's librations with respect to at least one commensurability must be
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temporxary, since Venus and Earth are only roughly commensurate. The 5:8
librations with Earth last for at least 3400 yr while the 5:13 librations
with Venusﬂlast for a nonoverlapping time span of at least 1000 yxr. A&
transition occcurs as perihelion p;ecession increases the closest approach
distance of Toro from Earth and decreases the Venus closest-approach dis-
tance; the planet with strongest peak forces (nearly impulsive) controls
the librations. fThe librations tend to prevent the closest encounters,
although it is uncertain how efficiéntly. If collisions can be avoided by
such librations, the mean lifetimes of planet-crossing asteroids might be
increased. Mars perturbations set an upper limit of 3 m.y. for the Toro
libfations, which is an order of magnitude smaller than typical 1lifetimes
of such objects against planetary impact or ejectlion. It is not certain how
much such resonances can lengthen the lifetimes of typical planet-crossers;

we require more statistics. Several other Earthuapproaching'objects have
been studied; one has been known to librat; {887 alinda), 1627 Ivar may

have an 11:28 librating commensurability with Earth, and 1221 Amor apparently
does not librate (Janiczek et al 1972}). Ip & Mehra (1973) have called

some objects "librators" because of periodic cscillations of elements

(always expected near a commensurability), altpough they failed to establish
that o ogcillates between fixed limi£s in many cases.

Knowledge about commensurabilities remainsg incomplete. Most theoreti-
cal work involves necessarily restrictive assumptions about a very complex
problem. Numerical integrations can medel the complexities; for investi-—
gations of real asteroids, timescales of both vl libration period (a few
hundred yx) and vl perihelion or nodal precession period (several x 103 yr)
are impertant. Such leongrintegrations are expensive but they have revealed

v

. .
.V B
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the surprising temporary apocentric librators and the switch of libration
mode for Toxe. PFinally, continued discoveries of librators contribute to
understanding commensurabilities; two of the three known 2:1 librators

and one of the two 3:1 librators were recovered in the past few years.

C. Secular Resonances

Secular resonances have been less intensively studied than commen-—
surabilities, but are clearly important for the morphology of the aéteroid
belt. They arise if the rate of thé node or parihelion of an asteroid
matches one of the discrete frequencies in the trigonomeiric series that
describes planetary inclinations and nodes or eccentricities and longitudes
‘of perihelion. If planetary nodes and perihelia precessed at constant rates,
then the resonant values for an asteroid would correspond to these rates.

The actual description of planetary precessions corresponds Fo an eigenﬁector—
eigenvalue problem. Perturbations with periods depending og Precession
periods are (misleadingly) called secular perturbations. They yield
periodicities in the e's and i's and periodic and linear changes in the

nodes and longitudes of perihelion.

There are three dominant resonant freguencies for thé asteroid belt.
hn asterxoid with an average (more exactly a proper) nodal rate of -25%7/yr,
or one with a proper longitude of perihelion rate of 27V8/yr or 4Y3/yr, is
rescnant and can oscillate substantially in i or e with timescales of
%106 yr. The strong effects of such a resonance are exemplified (for the
Lost City meteorite) by Lowrey {(1971) and Williams (19752). The asteroids
are strongly depleted (like the Xirkwood gaps) at these three resonant

frecuencies. The recognition of gaps around sscular resonances is recent

since digital computers are required for practical calculation of the
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resonance locations in a-e-i space.

T@e depopulation of the secular resonance gaps is more easily under-
stood than for the Kirkwood gaps. For the 27"8/yr resonance, Williams
(1973b) showed that a resonant inner-belt asteroid ‘could easily attain
sufficiently large e oscillations to become Mars-crossing. Mars probably
clears the 4¥3/yr resonance alsc, but the -25Y7/yr nodal resconance requires
a seﬁérate study. WNone of the non-planet-crossing main-belt asteroids with
accurate orbits and a < 2.5 AU are seen in the three strongest secular
resonances. There appear to be‘some resonant planet-crossers and there
may be resonant main-belt cbjects with larger a, although calculations of
the latter are sensitive to error. It is actually surprising that no

resonant inner-—belt objects are known for it seems it should be possible

for low e secular librators to exist without becoming Mars-crossers.

D. Argument of Perihelion: Libration

The argument of perihelion w of an asteroid librates about 90° or 270°
when a combination of e and i exceeds a critical value. 1373 Cincinnati is
the only numbered asteroid known to show ® libration (c¢f description by
Marsden 1970)}. although it; aphelion reaches S.é AU, the libration about
90° prevents close approaches to Jupiter. 1In fact all asteroids with large
g_o£ i have minimum perihelion distance and maximum aphelion distance when
w passes through 90° or 270° and the perihelion and aphelion points are
farthest from the plane of the planets. This additional effect of secular
perturbations helps stabilize such orbits against close planetary encounters.
The recently discovered Mars-crosser 1974 UB also shows w libration about

30°.
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E. Material Transport from the Asteroid Belt

Problems of extracting meteoritic material from the asteroid belt
have been reviewed by Wetherill (1974)land Wetherill & Williams (1977)-
Wetherill (1976) finds that the Aﬁollo objects can be the primary source
bodies for a large fraction of the meteorites. But the lifetimes of
Apollos are too short for any significant number to have remained in such
orbits since the origin of the solar system. Thus a source is required
for both meteorites and Apollos; one possible source is the main asteroid
belt.

One transport mechanism (Zimmerman & Wetherill 1973) was partly outlined in
Sect. IV B. Fragmental debris knocked into the 2:1 resonance region de-
velops high e and secondary collisions decouple some material from libration.
The debris with greater e approaches Jupiter, which results in some material
being random-walked into Earth-crossing orbits. Some debris:goes Ear£h~
crossing within 104 yr of the second collision and much of the rest within
lO5 ¥r. A second mechanism (Williams 1973a, b) uses secular resonances
to transport collision debris to Barth. Debris injected into secular
resonance gaps in the inner gelt is augmented in e until it becomes Earth-
crossing on a timescale of %106 ¥yr. Bncounters with Earth decouple the
debris from the resonance. Initial Barth-crossing orbits are distinct for
the two mechanisms (orbits with aphelia near Jupiter and resonant oxbits,
respectively) but Earth perturbations rapidly smear out the distinctions
so there are not yet observational tests of the relative importance of the
mechanisms (only three meteorite orbits are known). These resonant mechanisms

select debris from objects near the 2:1 Kirkwoed gap (and possibly others)

and from near the secular resonance gaps, leaving most asteroids unsampled.
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A significant meteorite source mechanism must match observed time-
scales and mass fluxes on Earth. Both mechanisms are rapid enough o he
compatible with typical 107 ¥yr cosmic-ray exposure ages for stony meteorites.
Also both mechanisms may vield W108i1 gm/yr impacting Earth, which is about
a factor of 10 lower than observed. While these mechanisms likely con-
tribute some meteorites and could plausibly supply a substantial fraction
of theg, the production rates fail by at least two orders of magnitude to
supply the observed number of Apollo objects (Wetherill 1976). A recent
9valuation of the combined effects of secular, Mars, and Earth perturbations.
on fragments dérived from some large, low i_asteroids in the inner belt
demonstrates that such bodies are an entirely adequate source for the stony and
metallic differentiated meteorites (Wetherill & Williams 1977), consistent
with some inferred mineralogies for those asteroids.

Peterson {1976) has proposed transport using the Yarkovsky effect.

The effect on the vield and lifetimes of the stability of the spin state
remdins ?o be evaluated.

Much work remains to be done. For example, secular resonances in the outer
belt might transport debris inté Jupiter-crossing oxbits more read@l& than
into Earth-crossing orbits, with subsequent evolution resembling the end of
the 2:1 gap process. One hopes to réstrict the dynamically possible processes
so as to identify particular asteroids with particular meteorite classes.

We have discussed rescnance transportation only for the present solar
system. When the planets were forming, resonances would have shifted posi-~

tion, modifying planetesimal orbits in the asteroid belt and elsewvhere.

¥F. Poisson'’s Theorem’

The most misunderstocd result on orbital stability in the solar system

may be Poisson's theorem on the invariability of semimajor axes. Consider
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gravitational interactions between noncommensurate, mutually noncrossing

point masses. It is often stated that there are no secular terms in a of
second order in planetary masses, but there are secular terms of third

order containing the factor m3t. What.is rrequently missed is that this result
is demonstrated only for timescales <<lO4 yr, limited by the timescale of node
and perihelion precession periods. The existence proof for these terms
involves trigonometric expansion éf the potential energy of interaction,

where the arguments of cosines invoive a linear combination of the mean
longitudes, nodes, and longitudes of perihelion. The proof involves ex—
panding the truly seculaxr terms in O and & out of the arguments so that a
linear texm in time is introduced into the coefficients. The same approxi-
mation introduces linear terms in time into the e's and i's which, in fact,
can be demonstrated to be long-periodic at that order. The third-order
secular term in the semimajor axes is really periodic of vef& long period

and the linear term in time results from expanding part of the trigono-

metric term in a power‘series in time. This restriction in the development
was pointed out by Eginitis (1889) but has been little noted since. TFor
timescales comparable to the age of the solar system, there has been no

v

analytic demonstration of the existence of terms in either a, e, or i of
planets and asteroids with coefficients which are truly linear in time,
though such texms may exist.

It should be possible to calculate the largest pure and mixed secular
terms in a, e, and i while retaining all of the secular changes inside the
trigonometric arguments., Such a project is natural for one of the computer

codes which manipulate series; it would contribute to our knowledge of the

true dynamical stability of the solar system.
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Ovenden (1972, 1973) formulated what he calls the principle of "least
interaction action,” suggesting it is responsible for the arrangement of
semimajor axes of planets and satellites. He states that calculation of
the present configuration of planets is improved if a body of 90 Earth
masses had been in the asteroid belt until 1.6 x 107 yr ago; then the
present configuration is a stage in evelution toward a new minimem of
"interaction action.”

One objection to Ovenden's dynamical procedure concerns timescale.
His calculation of the evolutionary rates of planetary a's uses the afore-
mentioned thiré~order secular term in a. But thig term is periodic, not
linear, in time for 2]_04 vr, s0 the calculation of a "ulO7 yr evenit is un-
justified. Another objection concerns the meaning of least interaction
action and thHe assumed evolution toward it. Experience with numerical
integrationé-of several bodies does not indicate that a system of strongly
interacting orbits evolves smoothly into a system of weakly interacting
orbits; wrather, some objects are ejected from the system in unbound orbits
until the remaining system stabilizes. It is very different for a system
to stabilize by eliminating its least stable .members than by evolution of
all ohjects toward stability. Once stable, there is no reason to expect
the system to evolve further toward ﬁinimum interaction action. If Ovenden's
principle has any validity in predicting configurations, it is probably not
because the configurxations change until they reach a minimum, but because
the minimom configuration is the most difficult from which to remove members.

Tunar and meteoritical chronologies provide further fundamental incon-
sistencies to Ovenden's hypothesis for the céeation of the astéroids 10

yr -ago by destruction of a huge planet. A recent obsexvation by
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Van Flandexrn (1875) on the xegularity of orbits of comets with m107 yr periods
has been linked to Ovenden's hypothesis, but far less exotic explanations
exist than an exploded planet {(e.g. collision between a large comet and

an asteroid or observational biases in the data).

G, Planetary Masses

Minor planets provide a useful tool for measuring masses of some
planets. Duncombe et al (1973} and Greenberg {1976) have summarized the
use of commensurable asterolds to measure Jupiter. The mass of Saturn has

been determined from three Trojans (Scholl, 1973}.

H. Catalogs and Selection Effects

The permanently numbered asteroids are cataloged each vear in the

Ephemerides of Mincr Planets. Orbits therein result primarily from

photographic programs plus some visual programs. New discoveries

result from astrometric programs and supernova and asteroid search programs.
Most as?eroids are discovered neary opposition. Photography is often concen~
trated near the ecliptic and is not uniform in time (e.g. because of moon-
light). At least three observations over a duration of a month or more

are required to permit identification with observations made in earlier
yvears which were too few in number, or covered too short a span, to give

an accurate orbit. This is the most common way new asteroids are cataloged.
For instance, 1940 Whipple got its first accurate orbit from a 45-day arc

in 1975 which led to identification of 6 previous observations at 5 opposi-
tions back to 1932. Sometimes lower-accuracy orbits are linked by recog-
nizing their.similarily. Short~arc orbits o? unlinked data are common for

asteroids. near the plate limit. (Each year several hundred objects are
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seen while only several dozZen axe cataloged.) Finally, an accurate orbit
at oné'opposition nay be used {o generate predictions which lead to subse-
quent recovery. This third procedure for cataloging objects is used for
unusual objects, such as Apollos. To guard agdinst misidentifications
most asteroids are cataloged only if seen at three or more oppositions
(éery rarely two). Care was not always taken in the past, partly for
lack of computers; there -axe about 30 minor planets with catalog numbers
less than 1565 that are presently lost. There are always several dozen
multiple opposition objects with good orbits awaiting obgervation at one
more opposition prior to cataleoging. Over a thousand dingle-opposition
orbits await linkage with another opposition.

The annual Ephemerides of Minor Planetls, published by the Institute

of Theoretical Astronomy at Leningrad, lists all cataloged asteroids,

giving orbital elements and predicted positions near opposition. The

Minor Planet Circulars, compiled by the Cincinnati Observatory, list

observations,; newly numbered oxbits, preliminary orbits, and new ephemerides.

Finally, the IAU Circulars give cobsexvations, orbits, and ephemerides for

priority objects (e:g. Earth-approachers) .

Selection effects in the numbered asteroids are discussed by Kiang
(1966) and Kresak (1967). Slightly iess than half are brighter than mean
opposition magnitude B(a,0)=15.0, the limit of biag-free completeness.
Newly cataloged asteroids tend to range from 15.5 to 17.5. The sample
of all 2042 numbered asteroids is biased against high inclihations and
in other ways. Participating obscrvatories are few, so that climate and
observatory latitude favor discoveries of asteroids coming to favorable

opposition at cértain times of the year in certain parts of the sky. A
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strong effect is discovery of asteroids near peribelion, when they are
brightest. The peaking of the number of known perihelia near OO, V3 times
that at 1800, is partly a selection effect but partly due to long-period
perturbations that cause astercids with perihelia approximately aligned
with Jupiter's to have smaller perihelion distances than those

oriented around 180°. Because o0f the power-law size distribu-
tion of asteroids, the closer perihelia in one part of the sky favor dis-
covery of smallex objects. Such selection effects are enhanced by the
fact that most astercids are independently observed at several oppositions
before the observations are linked,

The Palomar-Leiden Survey (PLS, see Sect. II G) sampled fainter minor
planets. Plates were timed and positioned so that most objects could be
followed between two wmonths. OFf the &1800 discovered chjects with acceplable
orbital elements, V1100 were seen in both months and are of'high aCCuracy;
the remainder have an order-of-magnitude worse accuracy. The selection
effects for this survey of 2% of the total number of asteroids within the
Palomar Schmidt's grasp are easier to assess than for numbered asteroids
since the procedures were uniform and specified. The restriction to a
12% strip about the ecliptic strongly selects against high i objects; those
with i > a few degreces were missed unless their nodes were in the photo-
graphed area. The faintest surveyed objects exhibit a bias for perihelia
near the survey area.

The‘faintest cataloged objects are a biased sample and the brightest
PLS objects are a sample of small numbers. The discovery of new asteroids
will push the completeness limit to fainter objects. This will further
clarify the distortions in the,vicinity of the juncture of the two data

sets {Sect. IT G).
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I. TFamilies

The orbital elements of main~belt asteroids‘showclusters called families.
They are prgbably debris resulting from catastrophip collisions. From the
orbital properties of families and physical étudies of éheir members, we
may learn about the collisional and dynamical evolution of asteroids and
about the interior properties of precursor bodies. There have been few
papers on families since the classical papers by Hirayama (1928), Brouwer
(}951), and Arnold (1969). We discuss here the technique of family identi-
fication and some partial results of a study in progress.

Asteroid orbits are affected by planetary pertérbations, especially
Jupiter's. Por most asteroids, the long-period (secular) perturbations are
1argest: When these éeriodic perturbations are rémoved from the present
elements, one obtains proper elements which may be thought of as mean ele-

ments. The proper elements, a, e, and i show the distinctivé'family clus-

terings. The long-recognized families Eos (Fig.-2), Themis, and Xoronis
are heavily populated and well defined, but families with as few as four
members are recognizable. Using the numbered asteroids and high~quality
PLS orbits, Williams (1975b) searched for clusters among %2800 objects. -
104 families, containing 44% of the asteroids in the sample, were found
which appeared to be statistically significant., The size of the families
in proper g;g—i_spaée suggests a typical rms speed of 270 m secml from
the center of mass. The violence of family-producing events ranges from
cases where a large body still exists and the family members are ejecta
from a gigant%c cratering event to cases where the parent bodg_was
thoroughly broken up. Familiés wexre not examined for clusterings of

proper. longitude of node and perihelion since "jet streams"™ can be the
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spurious result of observational selection (most family members are fainter
than the completencss limit; see Sect, IV H). The discovery of new asteroids
will help to £ill out many small families and will place major portions of
some families above the bias-free completeness limit,

Compariscngs Of the physical properties of family members permits us
to look inside a former asteroid. Spectrophotometric sampling of the
brightest members of several families (McCord & Chapman 1975b) reveals
heterogeneity of compositional types‘in many cases. UBV studies of the
Fos and Roronis families suggest compositional similarity of membexrs, but
the Wysa family may be more complex (Gradie & Zellner 1977). Attempts to
interpret the association of Tthe Nysa family with a compositionally distinct
companion family (Zellner et al 19774) and the disparate members of the Eunomia
family (Chapman 1976) in terms of geochemically plausible precursor bodies

have proven to be difficult. -

J. apolleo, Amor, and Mars-Crossing Asterolds

Earth-approaching asteroids are particularly fascinating. First,
they aré links between many meteorites tha£ fall to Earth and their distsnt
parent bodies. Second, some of them are possible candidéées for mining
endeavors in space (Gaffey & McCord 1977 ). Third, the Earth is an active
participant in a cosmic target-shoot with these objects.

2Apollo asteroids have pexibelion distances g < 1.0 AU while Awors have
perihelia somewhat larger than 1 AU, although different authors define
different upper limits such as 1.15, 1.30, or 1.38 AU. There is little
significance to the Apollo/Amor boundary for we know that two ZAmors
(1915 oQuetzalcoatl and 1580 Betulia) have perihelia that evolve back and
forth across 1.0 AU. Also, one must calculate orbital evolution in order

to determine if an object with g < 1.0 AU can intersect the Earth's orxbit.
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Table 4 lists asteroids with g < 1.5 AU in order of perihelion distance.
Note that Fhe range of inclinations, up to.680, is nearly twice that for
main-belt asterxoids and that theré is a gréat varietv of é's and éfs. The
large range of absolute magnitudes is expected for a sample of close-
approaching objects; though the brightest Amor objects are 433 Eros and
1036 Ganymed, it is unlikely that the brightest Apollo has been found yet.
The table shows that perihelié tend to avoid the mean distances of Venus
and Earth; perhaps objects with such perihelia would have more freguent
close planetary encounters, hence shorter lifetimes. The exception to this
avoidance appears to be 1685 Toro, but it seems to aveid both Earth and
Venus due to a resonant commensurability (Sect. IV B),

Table 4 illustrates a cutoff in aphelia neaxr 4.2 AU which, without the

certainty that evolutionary calculations would provide, suggests that we

,\1ack objects that approach Jupiter closer than n1 AU, the same limit seen

for main-belt objects. Apolle/Amor lifetimes are apparently controlled by
the terrestrial planets and are typically a few x 107 yr rather than the
'blO6 yr expected for the Jupiter-approaching cbjects such as meteors‘and
fireballs. Perhaps some aApollos and Amors were perturbed from short-lived
orbits into longer-lived orbits by the terrestrial planets. BAphelia z 4.0 Ay
might suggest bodies derived by the Kirkwood gap metecorite transport mech-
anism (Sect. IV E), but the largest value is for an orbit (for 6344p-1) of
only modest accuracy. While no clear—cut examples exist, there are several
cases of aphelia &4 AU which might result if a higher-aphelion object were
perturbed onto a longer-~lived orbit by close encounters with terrestrial
planets.

Many Apollos were discovered in the late 40's and early 50's, but only two
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were found in the 60's (both from the PLS). The 1970's have yielded
numerous Apollos, partly due to the dedicated search for them by E. Shoemaker and
E, Helin. Because of their large anguvlar velocities at discovery, rapid
follow-ups are necessary if the objects awxe not to be lost; occasionally
objects disappear into the daylit sky within days. Unidentified objects
trailiﬁg Z 0?7/day at opposition are mainly unusual objects such as Apollos,
Amors, and'Mars—crossers, while those trailing 0.5 - 0?7/day tend to he
high-i main belt cbjects, but may be more uvnusual. Also any object near
opposition moving the wrong way (prograde) or nearly perpendicular to the
ecliptic are strong sﬁspects_ Any such unusual objects should be
reported by telegram to the Central Burean for Astronomical Telegrawms
{cable: Satellites New York: pos£a1 address: 60 Garden 8t., Cambridge,
Mass. 02138). The first rough positions should be followed by accurate
ones and further positions should be sought on subsequent nights. Aall
accurate asteroid positions should be sent to the Cincinnati Observatory.
Much of the recent success in discovering unusual objects has been due to
ogsexveré being alert to the possibility of discovery and responding
rapidly when a suspect is found.

None of the known Apollos has been independently rediscovered at a
different opposition. Several authors, wmost recently Wetherill (1976),
have used this fact to try to place approximate limits on the nuwber of
Apollos with diameters > 1 km. Constraining the upper limit by iunar and
terrestrial crater counts, Wetherill estimates that there are V700 such
Apollos. When he includes the search data of Shoemaker, Helin & Gillet#
{1977), Wethe%ill estimates V600 Apollos and é similar number of Amors.

This last fact raises a serious problem concerning the oriain of the Amollos:
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since the dypamical 1ifetimes of Amorérare at least 10 times those of
Apollos, few Apollos can be derived by evolution, through an Amor stage.
Caleculations of methods for supplying Apollos directly from the main

belt also run into difficulties (Sect. IV B}, leading Wethe¥ill to conclude
that most Apollos are extinct comet nuclei. This conclusion is bolstered
by Sekanina’s (1973) report that several small meteor streams seem to match

orbits of several Apollos.

V. RAMIFICATIONS FOR PLANETARY EVOLUTION

A. Asteroids as Planetesimals

"planetesimals® is a term referring to astercid-sized bodies —— from

objects hundreds of km across down to dust grains -- that were involved in

Forming and cratering planets. Remnants of these populations exist, or have ex-

isted, in oxrbits that protect bodies from collision or ejection. Known remnants

include comets, main-beltastercids, Apollos, and Trojans. Crater—forming
projectiles and meteorites must be derived from one or more of the known
populations, although a few could conceivably be derived from an as-yet-
unknown population. Arguments have persisted over which bodies are the
"parent bodies" for the meteorites, but the terﬁ is deceptively vague.
Levin (1977) has emphasized the distinctions between initial parent bodies
(presumably large bedies on which meteoritic rocks originally formed and

were subsequently modified by metamorphic and other processes), intermediate

parent bodies (on whose regolithy surface many gas-rich, brecciated, and
xenolithic meteorites were formed), and last parent bodies (in which
meteorites were shielded from cosmic rays prior to fragmentation and-

capture by the Earth). Whatever the relationship among the various types
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of parent bodies, they are all representatives of, or descendants

of, the same grand family of planetesimals that initially populated the

solaxr system. Differences among them involve such factors'as initial

solar distance (which determined the ice/silicate ratio) and distance From

the gravitational effects of lar;e outer planets, which determined the

probability of accumulating inte a planet, being left as a swarm in situ

{asteroids), or ejection into the Oort cloud (comets)., The clear separation

of classes of planetesimals is blurred by recent work suggesting appreciable

mixing of material between planetary zones (Hartmann 1976, Wetherill 1977).
The lunar cratering record (cf Hartmann 1972) exemplifies how the

remnant planetesimal population has been decreasing with time as objects

remaining in shoirt-lived orbits are exhausted., The lunar cratering flux

was high in early epochs, perhaps with some major spikes, but has tailed off

since 4 h.y. ago. The lunar post-mare crater size distributién is similar

to that expected from impact of an evolved fragmental population, but there

is some evidence for anomalous population in the cratering record on

Mercury and on some of the oldegt lunar units (Strom & whitaker 1976).

. B, Early Orbital Evolution

Lecar & Franklin (1973) examined the evolution of several hundred
hypothetical objects distributed in orbits interior to Jupiter. After
only 2400 years most objects beyond 3.97 AU (3:2 commensurability) were
removed by Jupiter perturbations, as were higher ¢ objects just inside the
commensurability. Many 3:2 and 4:3 librators remained there throughout
the 2400-yr integration. Lecar and Franklim's final distribution for the
outer belt resembles the true belt in that nonresonant belt objects exist

only for a smaller than for the 3:2 commensurability, though the pfedominant
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sumaﬁly this difference represents the additional depth from which Jupiter
has been g%le to eject objects between 2400 yr and the age of the solar
system.

Lecar and Franklin thought their discrepancy with the true belt was
larger than it really is because fhey compared their results with the PLS
rathexr than the cataloged astercids. A rarely noted PLS result is that
few objects were found between the 2:1 and 3:2 commensurabilities. While
47 Ef the first 1800 numbered asterolds exist in this interval, only
four of 71100 PLS objects With accurate orbits were found, one of which
was already numbered. The Ffour (319, 6550§~L, 6030P-1L, and 9524P-L)
have B(a,0) of 16.1, 17.4, 18.5, and 12.6, a distribution very unlike'the
usual power-law {(Sect. II G) for which each fainter magnitude interxval
contains about 2% times as many objects as the adjacent one.” This puzzling
lack of small noncommensurate objects beyond 3,3-AU mway imply that very
little collisional fragmentation has occurred, but it is not known why.

Lecar and Franklin also perforﬁed integrations over 6000 yr for

hypothetical objects between Jupiter and Saturn. Most were edjected from

" the solar system, but bands remained at 6.8 and 7.5 AU. Everhart (1973)

found some of these orbits stable for >56,000 vr. These zones are near
the 2:3 and 4:7 commensurabilities with Jupiéer and 5:3 and 10:7 with
Saturn. It is not known whethexr these zones are stable for the age of
the solar system, but no such objects have yet been discovered. .

Birn (1973) integrated hypothetical, initially circular orbits
interxior to Jupiter and found that boundarieg of stability between planets

occur at first-order commensurabilities with the adjacent planet. To
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speed up his iﬂtegrétions, he increased the masses of the planets over
present values, but that modifies the dynamics; perturbations on the posi-
tion of an object scales with the mass to the power 1, %, and 0 fo¥ short—
périod, commensurate, and "secular" terms so that the relative importance
of different terms difiers from reality. Alfvén et al (1974) explain the
outer-belt boundary by a process other than pure gravitational dynamics.
They calculate that it should occur at 3.47 AU (2/3 Jupitexr's a) due to
condensation of graimns in a partially corotating plasma.

Weidenschilling (1275) has addressed the question of whf an asteroid
planet failed to grow. When a planet grows %arge enough, remaining
planetesimals are random-walked into oxbits of higher e and i. BaAs Jupiter-
crossing planetesimals increase in e, they should first cross the asteroid
belt, then Mars, and then Earth at which time their eijection probability
coincidentally becomes significant. He notes the inverse correlation of
bombardment time with present planetary masses in these zongs and suggests
that this intense bombardment may have inhibited the growth of Mars and,
especially, the asteroids. Similar disruption by high-velocity bodies
with different origins has been suggested by Wethexill (1?75). While such
-~ bombardment certainly could have depleted the astercid population, the
present size-~distribution is controlled b? the interasteroidal collisions
at 5 km sec“l-due to moderate e's and i's. The origin of these velocities
is not known, but probably cannot be explained by collisions sincg they
tend to catastrophically fragment bodies rather than change orbits.

This raises vet ancther obje;tion to the "exploded planet” theory
for the origin of the belt (Sect. 1y F). Such an explosion would produce

orbits +thal cross at the distance of the explosion. But the separation
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of orbits in the belt exceeds the distance between the inner belt and Eaxth.

Nearly circular orbits exist from the belt's innermost edge to its outermost

*
F

edge, a range of 1.9 AU and, if the-Trojans are included, this spread is
3.3 AU. Planetary perturbations cannot make crossing eccentric orbits
into separated circular orbits. To accomplish this feat by collisions,
without disrupting a body, would regquire a103 collisions just under the
threshold for disruption. As improbable as such a scenario would be for
a single body, it is absurd to rely on such a process for reordering

orbits of multitudes of asteroids.

C. Geochemical Evolution of Asteroids

The recent deluge of data on the physical properties of asteroids
permits us to begin to consider them as "planets"™ in their own right and
to discuss how they evolved to their current form. To the extent that

meteorites are, in fact, asteroid fragmenits, we can discuss the gecchemical

-

‘evolution of these bodies more knowledgeably than for any other planets

besides the moon and Earth. Indeed the meteorites most indicative of
geochemical and thermal evolution in large parent bodies —- the most
differentiated meteorites -~ are almost certainly derived from the asteroid

belt. There is a concordance between spectral identification of surface

mineralogies for inner-belt astercids and dynamical probabilities of

. deriving meteorites from them {Wetherill & Williams 1977) as well as be-

tween the measured sizes of these bodies and dimensions inferred from
cocling curxves for many metallic meteorites. Furthermore, the large
asteroid Vesta seems to be uniquely well suited as the parent body for

basaltic achondrites (Consolmagno & Drake 1877) despite the -lack of a
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clear-transport mechanism from Vesta to Barth.

It is also plausible that many carbonaceous chondrites are derived
from the asteroid belt, if for no other reason than that C*type‘ésteroids
predominate in the belt. But a real problem concexrns the ordinary chon-

. drites, the most common type of meteorite. No definitely confirmed
asteroid analog for ordinary chondrites has been found in the main belt

so far. It may be quantitatively possible to obtain sufficient yvield

from as-yet-unobserved asteroids, but it seens increasingly improbable.
Moreover, the association of ordinary chondrites with Apollo asteroids
(Chapman et al 1973b, Levin et al 1976) combined with the difficulties we
have menticned before in deriving most Apollos from the main belt lends
credence to the idea that ordinary chondrites are of cometary origin.
Although this idea does violence to many prejudices concérning the likely
environments in comet cores, inferences from measvred Propexrties of
chondrites, and models for the condensation of the solar nebula, it must

be taken seriously. We must then examine possible vwayvs of forming ordinary
chondrites in the outer solar system or ways that major constituents of
comet cores might have been derived from the inner solar system. The

- asteroid belt might yet be salvaged as a location foxr parent bodies of
ordinary chondr;tes if (1) the common S—type asteroids are actually ordinary
chondrites rather than the preferred stony-irons and if (2) further dynamical
investigations uncover major additional transport mechanisms for both
meteorites and Apollo asteroids.

A preliminarf model for the geochemical evolution of asteroids has
been descirbed and updated by Chapman (1976, 1977). These ideas are too

new, and the data are increasing too rapidly to warrant summary here. We
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conclude our review with one of the most interesting questiops; the nature
of heating processes in the early solar system. Asteroids evidencing
thermal evolution provide an extreme measure of the efficacy of heating
processes since small objects cool so rapidiy. The fact that the third
largest asteroid appesars to have been heated substantially while the largest
retains a primitive composition illustrates the complexity of the problem
(cf Matson et al 1976). Short-lived radionuclides such as Al-26 (Lee

et al 1976) may have been injected into différent asteroids in different
amounts or at different times with éespect to accretion. Another possible
mechanism -- eiectrical induction by thé solaxr wind‘during the presumed

T Tauri phase of solar evolution -~ may be most effective for moderately
large (but not the largest) asteroids (Herbert & Sonett 1877}. Collisions,
among astexcids, or between asteroids and high-~velocity planetesimals,

may have contributed to heat budgets, but it is 1ikely that collisiocnal
melts, of which we may have a few meteoritic examples (ﬁahklites;

ef Bogard and Husain 1977}, wexe locally restricted on parent bodies.
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Table 1. Asteroéd tahgqpmgeslanﬁ mlneraloglcal classifications
I ”,;xm‘ 3
Nlnexaloglcal Class,
Taxonomic Meteorite Analog, Type .
Classa or DescriptorP Asteroids® Typical p-v¢ Typical Albedo®
& C¥%, carbonaceous 213,2, 10
H I r r r — -
B chondxite? (F + TB) 88, 511, 1 0.63 - 0.74 0.04 - 0.07
@
2 t
o mostly C C2 or CM, carbona-
Y ceous chondrite 324, 51 0.72 - 0.80 0.03 ~ 0.04
o (TA + TC)
metal or enstatite
M - -
g chondrite (RR) le, 21, 22 0.70 0.72 0.0¢ 0.11
O
%, E enstatite achondrite 44 0.72 0.35
o intermediate
U
§ (U) (various T) 166, 48 0.77 0.03
e
g (U} basaltic achondrite 4, 69 (?) 0.77 0.23
5
a () Trojan 624 0.77 0.04
metal-rich (plﬁs 9. 12 0.87 : 4
silicate?) (EF) . . - 0.88 0.13 - 0.14
metal plus olivine
g (RA-1) 7: 39 0.82 - 0.92 0.14 - 0.16
8 -
& metal plus pyroxene 23, 3. 6
% mostly S {plus minor olivine?) 250 '25’ 0.87 - 0.91 0.10 - 0.17
= (RA-2 + TR) !
-
g ich pl 89, 5, 63
3 pyroxene-xrich plus + 5 r - _
g metal (RA-3) 446 0.83 0.21 0.13 0.14
metal-poor, opague-
poor, pyroxene-rich 8 0.88 0.14
(W) L ordinary chondrite? 7585 0.88 0.12
o a O
LL ordinary chondrite
Moo R
B H or olivine achondrite? 349 0.96 0.26
3 8
%\ga ? ? {steep red spectrum) 170 ? ?
-
L {(carbonaceous?} chon-
(n) 80 0.89 0.14

drite type 3 (TD)

®Bowell et al (1978)..

bDescriptor slightly modified fxom Chapman (1976).
ponding compositional groups of Gaffey and McCord (1977a, b).

Aste101ds typifying the 34 spectral groups found by McCord and Chapman (1975a, b},

augmented by the 44 ¥ysa group (Zellner et al 19774).

dTypical colors and albedos are only indicative.
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Notes to Tables 2, 3, and 4

These tabulate Txojans, Iildas, and Earth-approaching (g < 1.5 AU)
asteroids. Columns give cataiog numbelr, name, semi-major axis, eccentricity,
inclination, perihelion aqd aphelion distances, and absolute and mean
opposition B magnitudes. P and F indicate Trojan clouds preceding or
following Jupiter in its orbit. The least secure Projan orbits are for
PLS objects 2706 and 9507. 334 Chicage and 1256 Normannia are excluded
from the Hildas since they do not librate. The last column in the
Earth-approachers table indicates observational status, hence orbital

accuracy. Several magnitudes were provided by E. Roemer in advance of

publication.
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Tablé 2. Trojans

HUKBER
588
617
624
659
684
711

1143

1172

1647
1749
18467
jegos
1867
tavrg
1871
1872

1873

NANE
ACHTLILES
PATROGCLUS
HEKTOR
NESTOR
PRIAMUS
AGARMETINON
GDYSSEUS
ANEAS
ANCHISES
[ROTLUS
AJAX
DIOWEDES
ANTILOCHUS
MECUELAUS
TELAKGH
DEIPHOBUS

THERSITES

PHILOCTETES

GLAUKOS
ASTYANAX
HELENQS
AGENOR

27060 «L
R129peLl
4523F=L
457 zp-L
4655p-L

bU20P=L

5,25

5.24

+{20
el
045
2108
L0061
031
<034

2043

.91

L1197

L00F

049
L067
2131

L 094

1013
224

1863

1801

20.64

17,1

1.4

5,69
5.89

565

5473
5:68
5416
S5.40
5.6
SoQ?

5.73

B(l,0)
7,4
Folb

heb?

.69

9,87

1Ge27
9,23
9,81
P50
11,20
1060
1075
J2ed2
1196
12,30
11250
1170
14,14
$2. 40
1238
12.68
11.93

13,086

18,22
17.%%
17:30
1743
19,07
18,61
1912
18,11
18,484
20,72
17,08
19.02
19e55
18,67

19,79
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Table 2 {Cont.)
H5HOP L
6541p~L
6581 P =L

S 659D -L
6297 =L
&B4UP -]

LN ~L

5.08

4,95
!*580

5.16

5.053

4.67

i2.79
12.82
12.10

1243

]

12,30
13,80

11.96

19.54
1757
18,7}
1951
18,95
20,58

18,54



8Table 3.
NUMBER

153
170
361
899
748
958

1038

1162

L1180

1202

1212

1268

1746
1748
1754
1877
1962
1914

1941

Hildas
MANE
HILDA
ISHENE
BONON A
VENUSTA
SIMEISA
ASPLINDA
TUCKIA
LARISSA
RITA
MARIMA
FRANCEYTTE
Liavya
ROLLANDI 4
POTOMAC
VOGTIA
ouLuy
OTERMA
KIRKWOOD
BROUVER
HAUDERLI
CUNNINGHAN
HARSDEN
SHAPOSHNIKQV
SCHUBART
WILb
2033P=~L
215%9p~1

2554p -1,

OF POOR QU
I :Qi g2
768 3,36 HeB9
a2 3,28 4062
127 3,09 4477
2¢1 3,08 4.84
243 3,26 46y
5e7  3,1F %a70
92 2,97 4.88
19 3,51 #4.38
7.2 3.29 4467
3eld 3,17 H.73
7:6 3,23 Hol8
flalh 3,51 %35
267 3,65 4223
Ple% 3,27 470
442 3,52 4oftt
6eb 3,30 4457
el 3,22 44077

e8  3.n8 4084
Bell 3,19 4073
3¢3 3,00 4:84
120 3,34 4oé4
17.5 3,11 4080
12,5 3,08 4.07
1e7 3,33 4¢62
3.9 2.88 810
305 3,33 4ebb
Ga6 3,28 4,57
3.5 3.p3 4.92

11,24
10.50
11.29
11,84
1070

11.70

10660

12.40
1060
113D
12.50
13066
11,68

13,98

65
BlAsO)
Jtie2y
13,72
[4:%4

15457



Takle 3 (Cont.)

2696P =1,
2705P =L
4282P-l,
HebLap=|,
47 10P L,

LBG7P =L

4,03

3,97

e213
0272
« 199
<120
¢ 243

0300

2.9 3,10
I3 2,90
8a3 3,17
bo7 3,49

15,30, 2061
16,63 21.27
1536 207}
[3:44 18,79

66

B-69



Takle 4. hpollos and Mars-Crossers 67
1972RD 7,17 JH92 BoZ 1,10 3.23 20,00 22.02 RECOVERABLE?
1580  BETULIA 2.20  <H9D 520 1,12 3027 {5:66 17.74 SECURE
1627 IVAR . - loB4 o397 Boed 1,12 2060 i4.23 15.27 SECURE
1972RA 2,36 .523° 9e0 1,13 2660  18.50 21.04 RECOVERABLE
533 EROS Lofle o223 1008 1,13 178 11,88 11,00 SECURE
887 ALINDA 2,52 <544 %of 1,15 3,858 15,39 18,39 SECURE
BT QB P, 2,65  L,545 10,8 1,16 3.93 17,89 20,87 LOST
" 719  ALBERTY 2.58 o540 1068 1,19 3098 1687 19.93 LOST
1036  GANYHED 2,66 2542 2603 1,22 Gel0 10.86 1408 SECURE
1963UA ZebG  oH30 liel 51,29 4008 1780 20.99 SECURE
19146  1953RA 2¢27 o450 1268 1,25 3¢30 15,60 17,91 SECURE
1951 LICK leds ¢Da2 39e1 1,30 1<%8 15,80 14.47 SECURE
1971s¢ 2021 4390 120 1,34 307 16,50 18.62 LOST?
1974U8 2,12 o359 3663 1.36 2089 194,00 15,89 SECURE
1474  BEIRA _ 2473 o890 2668 1,39 #.07 13.02 1é6.4%0 SECURE
2108P~L 2.3z .385 2ot 1:43 3e21 19,60 22:02 LOST
1124  KEPLER 2,68 oH67 150 1,4373693 16,39 18,66 gpcyRe
RB548P~L 2017 3404 Sﬂﬁﬁi 1,43 2971 18,55 20453 LOST
ioo? SIRENE 2:.63 Qlééﬁﬂiléoa 1. 44 3,82 16,92 20,08 RECOVERABLE?
1139  ATAHI 1.65 «255 13el 1,45 2:%4 14,35 15.é8 SECURE
1962RH 2.38 2379 2lol 1,48 3028 14,20 16.7% LOST
1975AD 2,37 <375 2Z0el 1,88 3:26 14,00 1655 SECURE

{198  ATLANTIS 2:25 2335 27 1,49 3.00 16079 19.02 LOST
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Table 4 {Cent.) 68

MBER  NAME A E i Qt @2 Bl1:0) BiAs0) STATUS
1566  ICARUS LeOGB 827 23.0 519 1e97 7,62 12.23 SECURE
CL97HEA Le76  «740 3707 .42 3409  {5.00 1562 LOST?

1956CA ADONIS LeB7 o764 Tell (44 3030 18,60 19,65 SECURE
1976UA e84 oN51 B9 Jn6 1622 21450 17,10 RECOVERABLE

1864  DAEDALUS Lefté <615 22¢1 .56 2236 L F6o34 B8 SECURE

1865  CERBERUS 1o08 o447 lbel (58 158 17,50 1219 SECURE
1937UB HERMES Lot b4 .2 W62 2066 £18.10 18,20 LOST

98t 1973E4 1e78 (650 398 42 2093 4,40 17,10 SECURE

1862 APOLLO Le#7 4560 64 .45 2029 17,00  16.20 SECURE

1685 TORO 1e37 o436 94 J77 1.96 14,99 i3.47 SECURE
197674 097 o182 18,9 79 1ol4 18:.36 10.%% SECURE
6743ps|, o lebz  GH93 7e3 B2 2,42 18,41 18442 1.0ST

Iazo GEQGRAPHDS bo2d o335 13:3 . 183 1466 T 16,67 14,08 SECURE
19756 ZeHl 056 243 83 399 4,30 18,95 RECOVERABLE
L9473¢ 2025 630 1:0 B3 3667 1600 _18925 LOST
190911 Po3g 279 3.2 83 1085 14:00 12.32 LOST
195004 168 o502 1261 .81 2:53 1650 17,20 LOST?

I&g’;é SISYPHUS 1689 (540 Alel .87 2¢92 13,70 14,44 SECURE
1973NA 2039 o633 6709 .88 3491 159-‘%13' 18,01 LOST?

IBéS ANTINOUS 2026 <606 1Bcf% (89 3663 (6,50 (G077 SECURE
19754 '“-"f‘fi_zfc;:;.-;,z.qa 6e0 .91 1eb67  [7,50 15,37 RECOVERABLE
3G Pwl, 295:3 ,_:635 Hob 94 ozt 23,02 24,04 LOST
1960UA 2026 o837 3¢7 1,05 3248  §8.i0 20,39 RECOVERABLE

[_z,:;{; QUETZALCOATL 2.52  .583 2045 1,05 399 19.30 22.272 SECURE

I‘?U cuyo 2613 o505 24.0 1,06 3023 16,50 18,46 SECURE

rqa 1973EC ' 1od3  «286 87 1,06 1680 16,50 15,45 SECURE

'eap 19504 4 LeZ7y  o365% 2608 1.p8 233 1500 15,42 SECURE

l22! ATOR 1e92 o836 11,9 1,08 2.76 19,04 2D.%p SECURE
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FIGURE CAPTIONS

Figure 1l: Diameter-frequency distribution for asteroids. Points are
bias-corrected counts in increments of 0.05 in log D (Zellner & Bowell
1977). Lines are possible fits and extrapolations, constrained at small

D by Palomar~Leiden Survey data.

Figure 2: Proper ¢ vs proper sin i values for asteroids in a small
part of the belt show the very populous Eos family., It contains 78
members in a volume of proper a-e-sin i space that would normally

contain less than one object by chance.
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UBY Pinhole Scans of Saturn's Disk. 0. G.
FRANZ, Lowell Observatory, and M. J. PRICE, Planetary
Science Institute. - A photoelectric ared scanner,
equipped with a circular aperture of 0.64 arcsec (100 p)
diameter, was used in conjunction with the 72-inch
Perkins reflector at the Lowell Observatory to obtain UBV
scans of Saturn’s disk on several nights in the winter
and spring of 1977. The resulting intensity profiles show
pronounced 1imb brightening in U, moderate 1imb brighten-
ing in B, and 1imb darkening in V. They also display, in
all three colors, distinct east-to-west asymmetry varying
with solar phase angle. In interpreting; these observa-
tions, elementary radiative-transfer models are used to
describe scattering in the atmosphere -above the visible
cloud layer. Limits are placed on the optical thickness
of the gas above the clouds. The probable structure of
Saturn's atmosphere is briefly discussed. -~ This research
was supported by the National Aeronautics and Space
Administration under Contract - 'NASW-2983 and by the
National Science Foundation. Some of the data processing
was carried out with. the support of NASA Grant NGR-03-

003-001. :

Type of paper:

1) oral presentation [ ] 5 min. Billing information: -
X] 10 min.
2) read by title only [ ] . We agree to pay $20 in partial support .
3) invited lecture [ ] ’ of the publication of the abstract in
4) percent published elsewhere ) the B.A.A.S.

Daté: 26 August 1977
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Flagstaff, Arizona 86002
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ABSTRACT
Pinhole photoelectric area-scanning photometry of the Uranus disk demonstrates directly the
existence of both limb and polar brightening in the-7300 A CH, band. Polar brightening, which ap-

pears to be present also at continuum wavelengths, is interpreted as being caused by scattering in
in a thin acrosol haze located over the polar region.

Subject headings: planets: atmospheres-—planets: Uranus

L. INTRODUCTION

Limb brightening of Uranus was first detected by
Westphal (1972), who, on 1971 March 8, obtained two
simultaneous scans across the disk in the passbands
8000-8240 A and 8720-8960 A. The atmospheric seeing
was ~073. A circular aperture of 1”7 was used. The
long-wavelength scan, which has since been reproduced
in the literature (Belton and Vesculus 1973), shows dis-
tinct limb brightening and also asymmetry, the west
limb being markedly brighter than the east limb. The
short-wavelength scan, which remains unpublished,
shows a flat central region about 2" wide together with
limb darkening, )

Infrared Hmb brightening was confirmed by Sinton
(1972}, who obtained several images of Uranus with a
Varo tube and an 8870 A interference filter under good
seeing conditions. Both limb and polar brightening
were found. Sinton explained the polar brightening as
being caused by haze in the upper atmosphere, in addi-
tion to Rayleigh scattering.

Belton and Price (1973) interpreted limb brightening
on the Uranus disk in terms of Ho~CH; pressure induced
absorption in a semi-infinite, clear atmosphere. On the
basis of this model, limb darkening is predicted to occur
in continuum wavebands, while limb brightening is
expected in all deep CH, bands.

In a recent investigation of wavelength dependence
in the optical appearance of Uranus, Price and Franz
(1976) used an area-scanning photometer {Franz 1970)
in conjunction with the 72 inch (1.8 m) Perkins reflec-
tor at the Lowell Observatory to obtain multicolor
(5500~7600 A), narrow-band (100 A) scans of the
Uranus disk. Both slit and pinhole scanning apertures
were used, each having a characteristic width of 100 gm
(0765). Absolute limb brightening, i.e., limb brighten-
ing with respect to a uniform disk, was found in the
7300 A methane band. Relative limb brightening, i.c.,
Hmb brightening with respect to the disk profile at
adjacent continuum wavelengths, was detected in the
6190 A CH, band. No evidence of asymmetry was

Li45

found in the scan profiles. However, the point spread
function (PSY) never exhibited a half-power width less
than about 27. As a result, statistical methods were re-
quired to analyze the data. To demonstrate directly
the existence of limb brightening in the visible region
of the spectrum, observations of higher quality were
clearly required. Such data are reported in this Lefter.

II. NEW OBSERVATIONAL RESULTS

Substantial improvement of the optical performance
of the 72 inch Perkins telescope was recently brought
about by retouching the figure of its secondary mirror.
When new scans of Uranus were subsequently obtained
in winter and spring of 1976, the hall-power width of
the PSF was found to be on the order of 17, an improve-
ment by a factor of 2 over typical earlier values. While
equipment and observational technique were those
previously used and described by Price and Franz
(1976), special attention was given to pinhole scans in
an effort to enhance the visibility of limb brightening.

Two sets of south-to-north (near-equatorial) scans of
the Uranus disk, taken on 1976 May 18 and June 17 in
the CH; band at 7300 & and in adjacent continuum
regions, are presented in Figure 1. All profiles are nor-
malized at the center of the planetary disk. Both sets
of scans, although of unequal quality owing largely to
different secing condiiions and different effective inte-
gration times, exhibit distinet limb brightening in the
light of the methane band relative to the profiles in
continuum light. Note that owing to the effects of at-
mospheric smeering, observed relative imb brightening
may indicate the presence of absolute limb brightening,
as pointed out by Belton and Price (1973).

Figure 2 shows two sets of near-polar scans obtained
onr 1976 January 30 and June 17. The presence of limb
brightening at 7300 &, relative to scans at continuum
wavelengths, is again readily apparent. But while the
near-equatorial scans (Fig. 1) show symmetry about
the center of the planetary disk. the near-polar scans
(Fiz. 2) appear distinctly asymmetric in the 7300 A CH,
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Uranus Scans  Angular Diameter
a: 7 June 76 334 arcsec
b: 18 May76 320

O.6arcsec Circulor Aperture
A7300A CH-Band

Conlinvum

;/)/‘A M“”\%&\\_
a e S C B4
T South | Nerth
/W
b =

— dortsee

F16. 1.—Near-equatorial (south-narth) pinhole scans across the
Uranus disk show limb brightening at A7300 A. All data are nor-
malized at the disk center. Angular diameters of the Uranus disk
are tzken from the 1976 American Ephenteris and Nautical Al-
manac.

Uronus Scans  Angular Diameter C.6 aresec Cireular Aperture

a: 17 June 76 3.84aresec A7300A CH4-Bond
b: 30Jon7 372 Continuum
L
East ﬂ/ﬁr/'}« \\ Woest
M. | o

East

L3 1 i —

F16.2.—Near-polar (east-west) pinhole scans across the Uranus
disk show limb brightening at 7300 A and asymmetry in both
wave bands. The sense of the asymmetry reverses with scan direc-
tion. All data are normalized at the disk center Angular diameters
of the Uranus disk are taken from the 1976 Admerican Ephemeris
and Noutical Abnanac.

band and the adjacent continuum. Note also that the
near-polar scans were made in opposite directions on
the two nights. The sense of the asymmetry changes
accordingly, demonstrating that the effect is real and
showing that in al! cases Uranus appeared brighter near
its western limb than near its eastern limb. It should
be emphasized that this effect, now discovered in the
visible spectrum, is the same as that found in the near-
infrared (8870 A) from the scans by Westphal (1972),
published in part by Belton and Vesculus (1973), and
from the observations by Sinton (1972). )

Explanation of the observed east-west asymmetry in
terms of polar brightening remains the most likely. On
1976 April 25 (opposition), the north pole of Uranus
was located near the planet’s western limb at position
angle 27873 and at & distance of 0.680 Uranus radii
from the center of the disk.

If this polar brightening were caused by H,-CHj,
pressure-induced abserption, its occurrence would be
limited to the deep CH, bands. Because polar brighten-
Ing is apparent in both continuum and CH, wavebands,
itis almost certainly the result of scattering in an aerosol
haze located over the polar region. This conclusion con-
firms that drawn by Sinton (1972). Our 1976 observa-
tions thercfore suggest that such a thin polar haze on
Uranus is 2 long-lived, perhaps even permanent,
feature.

This work was carried out with the aid of the National
Aeronautics and Space Administration under contracts
NAST-2521, NASW-2718, and NASW-2843 and with
the support of grants from the National Science Foun-
dation. Some of the data processing was aided by NASA
grant NGR-03-003-001.
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ABSTRACT

New narrow-band (1004) photoelectric area~scanning photometry of‘
the Uranus disk is reported. Observat:.ions were concentrated on the
two strong bH4 bands at A61904 and at A73004, Adjacent continuum
regions at A64004 and at 4\756011 were al'so measured for comparison.
Both slit and pinhole scans were made in orthogonal directions_ . Disk
structure in each waveband is appﬁrent through lack of circular symmetry
—in the intensity distribution over the Uranus image. Polar brightening is
especially prominent in the \75004 waveband.

Coarse quantitative determinations of the true intensity distribution
over the Uranus disk were made. For the \61904 CH 4 band, Uranus
exhibits a disk of essentially uniform intengity except for a hint of-polar
brightening. For the A7300& CH 4 band, moderate limb-brightening is
apparent. Specifically, the true intensities at the center and 1ir;1b of the
planetary disk are approximately in the proportion 1:2. Extreme limb-
brightening, with a corresponding intensity -ratio greater than 1.4, is

not permitted by the observational data.



1. INTRODUCTION

Belton and Vesculus (1975) pointed out that valuable information for
investigating the physical structure of the Uranus atmoesphere can be obtai.r‘led
from knowledge of the distribution of brightness over the planetary disk.
Qualitative and quantitative infrared studies of the intensity profile of the
Uranus disk have been reported by Westphal (1972) and by Sinton (19’%2),
respectively. In Paper I, Price and Franz (1976) studied the
wavelength variation in the optical appearance of Uranus using multi-

colored (5500 - 76004), narrow-band (1004), area-scanning photometry.

Eight wavebands were selected. During the 1875 Uranus apparition, absoclute
limb-darkening was found in all spectral regions considered except for the
two CH, bands at \61904 and A7300%. For the A73004 band, absolute
limb-brightening with respect to a uniform disk was found. For the
161_90_3 band, no definite conclusions could be drawn regarding the
absolute nature of limb-brightening. Only limb-brightening relative
to adjacent continuum regions could -be demonstrated. If absolute
limb-brightening did occur in the A61904 rb_and, it had to be muck; less
pronm_mced than in the A73004 band. Quantitative estir-nates of the
degree of either limb-darkening or limb-brightening in any waveband
céuld not be obtained from the available observational dats. Spatial
resolution and photometric accuracy were insufficient.

Further observations of limb-brightening on Uranus have since been
carried out by other investigators. Avis et.al. (1977) reported
the photographic detection of albedo features in the _)LSIQOA CH 4 band. Image
e'nhancemerllt processing resulted in the discovery of local polar brightenipg

superimposed on weak, symmetrical, absolute limb-brightening. Smith



(1977), using a CCD camera, confirmed the existence of absolute Limb-
* brightening in the 289004 CH, band. |
During the 1976 Uranus apparition, we refined 0.1;‘11’ earlier observa-
tions of the planet. Spatial resolution and photometric accuracy had
been much -improved since 1975. Our objective was to quantitatively
determine the degree of limb-brightening in each of the two CH 4 bands
of interest. For the \73004& band, initial qualitative results were reported
by Franz and Price (1977), Pinhole scans demonstrated directly the
existence of both limb and polar brightening. Polar brightening appeared
to be present also at adjacent continuﬁm wavelengths. In this paper, we
present a defajled analysis of our 1976 observational data. In a sufase—
quent paper, an interpretation of our results in terms of the physical-

structure of the Uranus atmosphere will be given.

2. OBSERVATIONS

Using the equipment and technique described in Paper I, we carried
out new photoelectric area-scanning photometry of the Uranus digk
during the 1976 apparition. Measurements were restricted to four
na,rro'w—band (~100 ﬁ.) speciral regions, namely the CH 4 bands selected
with Filter No, 3 (\6200 ) and Filter No. 7 (A73004), and adjacent
"continuum' regions studied through Filter No. 4 (\64004) and Filter

No. 8 (A\75008). Specifications of the filters were noted in Paper I.



Since 1975 major improvements had been made to the optical
performance of the Perkins reflector. Specifically, the Cassegrain
secondary was refigured to reduce spherical aberration. Typical point

. spread functions produced by the atmosphere-telescope combination became
narrower by a factor of two compared with those previously obtained. Signifi-
cant improvement in the spatial resolution of the Uranus disk was a direct
result. Photometric signal-to-noise ratios were also increaseci by replacing
the earlier EMI-9558 (S-20) tube with an ITT F4085 (S-20) photomultiplier.

Uranus was scanned Wwith both slit and pinhole apertures. Slit
scans were selected to provide the most reliable photometric data
for investigating the true inftensity di.stribution over the disk. Pinhole
scans were included L:o enhance the visibility of limb- and polar- .

.brightening, and to verify the interpretation of the slit-scan data.
Characteristic widths of the pinhole and slit were both chosen equal to

100um (0'.,645 arc). The slit and scan lengths were each 2 mm

(12‘.'9 arc}. Point spread function data were obtained by slit-

scanning images of individual stars located near the planet. Dire'ct and
reverse scans were made along two orientations, north-south (N-S)

or east-west (E-W). For Uranus, orthogonal seans were used to
examine the reality of features in the disk profiles. For stellar images,
orthogonal scans were used to verify that teleécope gu_iding errors were
insignificant. Table I gives the 1978 Uranus observing log,

Visual guiding was used with no attempt made to correct for image

displacement caused by the wavelength dependence of atmospheric

refraction. For the maximum wavelength difference (200(}.&) between



guiding (A55004) and scanning (75008), at the largest zenith distance

(51 degrees) encountered in our observations, the relative image dis-

placement never exceeded 0?5 arc. For our slit scans, this displacement

is of no consequence. Since both the slit and scan lengths (~13™ arc)

were much greater than the sum of beth the Uranus angular diameter

(~4'" arc) and the maximum image &iSplacement encountered (O'.'S arc),

no light {from the planetlwas lost whatever the scan orientation. Further-

more, no éistortion of any scan profile could occur. For our pinhole

scans, however, the situation is not so clear cut, Because Uranus was

always observed near the time of its local meridian transit, the N-S

pinhole scans were essentially unaffected by the phenor'nendﬁ of image

displacement. But, the red E-W pinhole scans were located up to

07.15 arc north of the disk center when the visual image was centered.

The chord traversed was then ~3 percent shorter than the disk

diameter. For the E~-W scans, therefore, limb-brightening will tend

to be underestimated; limb-darkening will be overestimated. We L

shall return to this point in our analysis of the pinhole scan data.
Composite Uranus and stellar profileg were produced to increase the

effective signal-to-noise ratio in the photometry. For Uranus, on each



night of observation, composite profiles in each waveband were obtained
in each of the two cardinal orientations (N-S, E~-W) for the slit and
pinhole-scans individually. The point spread function for each night
was obtained by summing together all stellar slit-scans. All stellar
profiles were symmetrical. InsPeci;ion of the individual stellar profiles
showed no variation with waveband, scan orientation, or scan direction.
Formation of the entire set of composite profiles is summarized in
Table II.

Individual Uranus slit profiles were typically obtained by inte-
grating 50 to 200 one-second scans; ﬁinhole profiles required 200 fo 500
one-—sejcond scans. Individual stellar profiles each consisted of 20 one-
second scans. Colocation of the individual Uranus and stellar profiles
prior to coﬁposite summation was achieved through Gaussian curve
fitting by means of the least squares technique to define the centroids
of the individual profiles. Where nécessary, scans made in opposite
directions were mirrored on their centroids prior to cor.nputer
summation.

All Um nus éomposite profiles were normalized to an equal arbitrary
integrated signal not only to facilitate interwaveband comparisons, but
also to expedite comparisons with theoretical predictions. In essence,
the photoelectron counts received from the planet for all points in each

scan were summed to derivethe total signal. Such a normalization



prdcedure minimizes the influence of individual photometric errors
within each observational scan, and elimihates the need to know the
eﬁective geometrical albedo in eagh waveband when comparing observa-
tion with theory. By comparison, each stellar profile was scaled

to an equal arbifrary intensity at its centroid.

3. THE POINT SPREAD FUNCTION

Atmospheric turbulence, together with diffus_e scattering from the
telescope. -mirrors, produces the observed point spread funclion, In
Paper I, we showed that a single Gaussian curve provided only a coarse
fit to the distribution of intengity within the irﬁage of g point source;

a Double-Gaussian curve (Fig. 1) provides a far better description
of the point spread function. Line-integration, slit-broadening,.
and normalization of the Doub;e-Gaﬁssian shape are discussed. in
Appendix 1.

Composite stellar slit-scans obtained for the nights of 1976 May 18,
June 16, and June 17 are plotted individ-uallyiin Fig. 1. Best-fitting
theoretical scans, base& on the Double~Gaussian representation of
the point spread function, are shown for comparison. Optimum values
of the PSF parametei‘s for‘each night are tabulated in Flg 1. Int(_arestingly

enough, the point spread functions on 1976 May 18 and June 17 were

essentially identical. On 1976 June 16, Lo demonstrate the ability of the



area-scanner (o resolve the Uranus image by slit-scanning, a set of
close visual binary stars was also measured. Results are illustrated
in Fig. 2.

Variations in the point spread function, during each night of
observa{:iori, are of special interest for the interpretation of the Uranus
data. For 1976 June 18, quantitative estimates of the variation in the
width of the actual point spread function may be made by fitting a
single Gaussian curve to each of tI‘1e 29 individual stellar slit-scans by
means of the least squares technique. The derived 1/e widths
provide a measure of the constancy of the point spread function.
Distortion of the actual point spread function introduced by slit-scanning
is not significant in the present context. Results sflow that the individual
r.m.s. fluetuation in the 1/e width amounted to 6..0 pércerit. For the
composite profile, the r.m.s. error in its width should therefore é.mount
to~1 p'ercent, in agreement with th;a observational data presented in
Fig. 1. Investigation of variation in the point spread function during
the nights of 1976 May 18 and 1976 June 17 produced similar results.
Evidently, mean theoretical PSF parameters for each night of observation

are known to an accuracy ~ 1 percent.

4. URANUS SLIT SCANS

- 4.1. Modelling Procedures

Deriving the true intensity distribution over the Uranus disk in
each waveband of interest was the objective of the slit scan analysis.

Our approach was first to model both the gize and shape of the planet
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together with the adopted-”true" distribution of intensity over the disk, "1'1ext
to employ the known point spread function in a two-dimensional broadening
procedure to derive the planetary image smeared by atmospheric seeing,
then to compui;e the profile which would result from slit-scanning the
image in ox;e'—dimension, and finally to normalize the slit-scan prediction
topermit comparison with the observed profile. Full details of the
mathematical formuiation of the problem are contained in Appendix IT,

Using Stratoscoﬁ;e I photogréphs of Uranus, Danielson _g_t_ al. (1972)
derived a planetary equatorial radius of 25,900 * 300 kms together with -
an ellipticity of 0.01 £0.01, Although stellar occultations may provide
improved values for both the radius and ellipticity of the planet, we adopt
the values given by Danielson et al. as the best available. Our theoretical
predictions assumed Uranus to be a perfect sphere of radiis 25,900 kms,
Circular symmetry in the distribution of intengity over the disk was
also assumed. Distance from the Ee;:rth to Uranus on 1976 June 16 was
taken from the American Ephemeris and Nautical Almanac to be 17.88 AT,
The corresponding angular diameter of Uranus (unbroadened) was there-
fore 3‘.'99 arc.

S‘imple theoretica_l‘distributions of infensity over the Uranus disk were
adopted which could be described by a single parameter chosen to encompass
a broad range of sifuations; this parameter was determined by the relative

intensities at the limb and center of the disk.



Although consideration was given to the predictions by Belton and

Price (1973), our choice of the radial intensity function reméined largely

arbitrary. Between the limb and center of the disk, the true intensity
distributi‘on was assumed to follow an elliptical curve. For both limb-
brightening and limb-darkening, the slope of the function was taken to
be zero at the disk center. At the limb, the slope reaches negative
infinity for limb-darkening, and positive infinity for limb-brightening.
Six curves, illustrated in Fig. 3, were used in our analysis. Besides
the case of a uniform disk, both limb-darkened (convex) and limb-
brightened (concave) intengity distributicns, ranging from moderate to
extreme, were adopted. For limb-darkening, the parameter (p)
equal o the ratio of the intensities at the limb and center of the disk was
sufficient t{_) describe the distribution. For limb—brighteniiag, the parameter
(q) equal to the ratio of the intensities at the center and limb filled an
identical role. |

Distortions of the slit scans resulting from variations in atmospheric
seeing need to be examined before we embark on a detailed comparison
of theory Wit.h.observation. Sample theoretical slit scans were computed
for three extreme models of thé radial intensity distribution, namely
the uniform disk, extreme limb-brightening (q = 0) , and extreme limb-
~ darkening (p = 0). Each distribution was subjected to smearing by three
distinet point spread functions, described by the optimum set of parameters

(A, B, s 02) listed in Fig, 1 for 1976 June 16 together with two extreme
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variants obtained by changing the individual B, O and O parameters

in unison by X 5 percent. Resulls are illustrated in Fig. 4. Increasing
the PSF width reduces the normalized intensities near the center of

the slit scans; intengities in the wings are increased. ¥For the composite
Uranus slit scans, the effective PSF parameters should be ancertain by
only ~ I percent. Evidently, variations in the seeing will have a negligible
effect on the interpretation of the _data. Photometric noise will be signifi-
cantly greater than profile fluctuations resulting from the cumulative
effects of seeing fluctuations.

Uncertainty in the slit-scan predictions infroduced by inaccurate
knowledge of the Uranus radius also requires examinati_on. Sample
theoretical siit scans were calculated for three distinct radii; the
Danielson et al. value was adopted together with radii différing from
the optimum value by T 5 percent. Models chosen for the intensity distri-
bution \ize_re again a uniform disk, e;;itreme limb brightening (g =0), and
extreme limb-darkening (p = 0). The point spread function parameters
for 1976 June 16 were those listed in Fig. 1. Results are illustrated in
Fig. 5. Enlarging the planetary radius reduces the normalized intensi-
ties near the center of the slit scans; intensities in the wings are increased.
Since the Uranus radius appears to be uncertain by only ~ 1 percent, the
corre;.sponding error (introduced in the slit-scan predictions will have a
negligible effect on the interpretation of the data. Photometric noise in

the composite Uranus scans will be significantly greater.
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4.2. Results
Observed composite Uranus slit scans, in all four wavebands of

interest, are compared with theoretical predictions in Fig. 6 through 9.

Discrimination between the individual intensity distributions is readily
achieved near the center of the planetary image. Small uncertfainties

both in the planetary radius and in the point spread function then have

their least influence on the interpretation. Investigation of

disk structure through detection of gross asymmetries and

local anomalies in the slit scans is a principal objective of our
analysis. No attempts have therefore been made either to smooth out

the residua;,l photometric noise in thé composite scans or to force~fit a
curve through each set of observational data. For each waveband, north-
south (N-8) and east-west (E~W) orthogonal scans were plotted separately.
Polar brighteziing would manifest itself near the center of the N-S

scans, and on the westerly segment of the E-W scans. Information

given in the Explanatory Supplement of the American Ephemeris and

Nautical Almanac shows that, on 1976 June 16, the north pole of Uranus
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was located at position angle 278.9 degrees at a distance of 0.69 Uranus
radii from the disk center. Location of the pole on the disk did not

change significantly throughout the 1976 observing season.

Data for the A61904 CH, band are presented in Fig. 6. Both N-S and E-W
scans suggest that the optimum true radial inténsity distribution corresponds to

a uniform disk. But weak limb-darkening (p = 0.5) and weak limb-brightening

(@ = 0.5) are also permitted by the N-S and E-W scans respectively.

Data for the adjacent "continuum' region at \6400A are ploited
in Fig. 7. Limb-darkening is readily apparent in both the N-S and E-W

scans. For the N-S scan, the true radial intensity distribution can range

from a uniform disk to weak 1imb—darkening‘(p = 0.5). Tor the E-W scan,
the distribution can range from moderate to extreme limb-darkening

(0.5 = p = 0). Giving equal consideration to both the N-S and E-W
scans, we will adopt moderate limbh-darkening (p = 0.5) as the

optimum £il to the A64004 data..

Data for Fhe strong A73004 CHé band are presented in Fig. 8. In
spite of the residual photometric errors in both N-S and E-W composite
scans, limb-brightening is evident. Precise determinatéon of its magnifude
is difficult however. For both the N-S and E-W scans, thge true radial
intensity distribution can range from a unifgrm disk to substantial
limb-brightening (g = 0.25). But extreme limib-brightening
(¢ = 0) cannot be reconciled with the observational data. Giving equal

consideration to the N-S and E-W scans, we will adopt moderate limb-

brightening (g = 0.5) as the optimum fit to'the A73004 data. Observations
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in the adjacent "'continuum' region at A75004 are plolted in Fig. 9.
For-the N-S scan, the true radial intensity distribution can range from

a uniform disk to moderate limb-brightening (g = 0.5). For the E-W
scan, the distribution can range from a uniform disk to moaerate '
Iimb—da,rke;ning (p = 0.5). Evaluating both scan directions together, one
can conclude that on average the distribution of intensity in the A75004
band corresponds approximately to a uniform disk.

For the A64004, 173004, an& A7500& wavebands, striking differences

are apparent between the N-S and E~-W scans. The E-W scans exhibit

a distinctly greater intensity near the center of the planetary image.
Since N-S and E-W scans a;re normalized to an identical fotal signal,

the E~-W scans must also have a slightly narrower profile than the N-S
scans. Considering the scan geometry, one might conclude that Uranus
is significantly oblate. Bul an ellipticity ~ 0.1 would be required to produce
the effect. Studies by Danielson et gl (1972) appear to preclude that
interpretation. If Uranus is in fact essentially spherical, one is

obliged to conclude that the distribution of intensity over the disk is
az.lot circularrly' symmetric. Disk structure must be present in each of

the above wavebands.

For the A6190% CH 4 band, a slight asymmetry in the E-W scan

suggests the presence of weak polar brightening. One final point may

be‘ made. In all four wavebands, the N-S scans show a slight asymmetry

in the ‘wings; the northerly segment is definitely brighter than the southerly
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segment. One might be tempted to interpret this asymmetry in terms
of the recently discovered Uranus ring system. But such an interpreta-

tion would be highly speculative. Moreover, it appears to be un-

warranted.

5. URANUS PINHOLE SCANS

Our slit-scan results were confirmed by the pinhole data. Inter-
pretation of the pinhole scans was. carried out in & manner essentially
identical to that employed izor the slit scans. No changes were made
in the Uranus disk model. Only diamétric scanning of the Uranus
image was considered. Uncertainties both in the atmospheric seeing
and in the planetary radius were insighificant when considered in the
context of the photometx"ic noise remaining in the composil”:_e pinhole scans.
Modifications to the theoretical formulation introduced by changing
the scanning aperture from a slit to-a pinhole are discussed in Appendix 11,

Theoretical pinhole scans were calculated for the six radial

intensity distributions illustrated in Fig. 3. Atmospheric seeing was

described by the optimum set of PSF parameters (A, B, ¢ 02) listed

1!
in Fig. 1 for both the 1976 May 18 and 1976 June 17 observations. For
the two nights in question, a mean Earth-Uranus distance of 17.74 A.U.

was obtained from the American Ephemeris and Nautical Almanac. The

© corresponding mean angular ciiamete;* (unbroadened) of Uranus was
1" N .
4.03 arc. Adopting a mean diameter introduces an error of less than

1 percent in the value for each night.
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Observed composite Uranus pinhole scans, for the A73004 and
}L’;SOOI} wavebands, are compared with theoretical predictions in Figs. 10
and 1-1,_,‘ I_;espectively. For each waveband, north-south (ITT-S) and
east-west (E-S) scans.are plotted separately to investigate the presence
of disk structure. Compared with the slit-scan observations, significantly
greater photometric.noise remains in the pinhole data. But, fortuitously,

the theoretical pinhole scans exhibit a far greater sensitivity to the shape

of the true intensity distribution. Note, however, that telescope guiding
errors (rms deviation ~0'.'2 aré) are potentially more serious for pinhole
scans than for slit scans, Errors in guiding can cause the observed

pinhole scans to exhibil rather less limb-brightening, and rai;hér more

limb-darkening than is actually present in the Uranus image. Earlier,

we pointed out that, for the E-W pinhole scans only, an identical effect

is introduced by image dispiacement (< 0'.‘5 arc) resulting from atmospheric
dispersion. For the pinhole observai&ions, the observable pole of Uranus
lies 2?7 arc west, 0'.'2 arc north of the center of the planetan_y disk.
Nortilerly displacement of the E~W pinhole s-cans, with rLeSpect to the

pole, will therefore amount to less than 0'.'3 arc. Since our pinhole
diameter was 0'.'645, the pole will always be included in the E-W scans,

but will always be excluded from the N-S scang. Differences in the

visibility of polar brightening should therefore be apparent between the

E-W and N-S pinhole scans.



For the A73001 CH, band, Fig. 10 shows that polar brightening
is present in the E-W scan and, as expected, not in the N-S scax.
Using the N-S scan to c:!erive limits to the shape of the true
intensity distribution, we conclude that limb-brightening is
definitely present in this waveband. Extreme possibilities range from a
uniform disk to moderate limb-brightening (q = 0.25). Extreme limb-

" brightening (q = 0) is excluded. The best match between observation and
theory is achieved for moderate limb-brightening (q = 0.5). Evaluating the
pinhole and slit scan data together, we estimate that the maximum permitted

-degree of limb-brightening corresmﬂds to q = 0.25.

For the A75004 data, Fig. 11 shows that polar brightening is present in

the E~W scan, but not in the N-S scan. Evidently, polar brightening
must be highly localized on the Uranus disk. Using the N:S scan to
derive limits o the shape of the true intensity distribution, we estimate
that limb-darkening may be present in this waveband, Possibilities
range from weak limb-brightening (¢ = 0.5) to extreme limb—darkening.
The best match between oioservation and theory appears to lie between
a uniform disk and moderate limb-darkening (p = 0.5). For the E-W
scan, polar brightening is so significant that it grossly affects the |
overall shape of the profile. Poésibilities for.the true intensity
distribution appear to range from a uniform disk to extreme limb-
darkening (p = 0). Even the latter distribution is not sufficiently

extreme to completely'encompass the polar brightening. Considering
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the pinhole~ and slit-scan results together, we conclude that the basic
distribution of intensily in this' waveband-corresponds to an essentially -

uniform disk upon which is superimposed significant polar brightening.

4. CONCLUSIONS AND DISCUSSION

Coarse quantitative information on the true radial intensity distribution
over the Uranus disk has been derived in four selected wavebands . Lack of--
circular symmetry in the intensity distributions mdlcates the presence of
disk structure, especially polar brightening, in each waveband. For the
A6190A CH 4 band, the distribution corresponds to a uniform disk upon which
a hint of polar brightening is superimposed. For the A64004 region,

moderate limb-darkening (p = 0. 5) was found. For the A7300& CHy

band, moderate limb- brlghtenmff (q 0.5) was discovered.” Extreme limb-
) brlghtemng (q < 0.25) was not permitted by the observational data.
For the A'?B()()fi~ waveband, the distribution corresponds to a uniform disk'
upon which significant localized polar brightening is superimposed. While .
the A73004 cu 4 band observations exhibit absolute limb-~brightening with
respect to a uniform disk, the 261904 CH 4 band data show only relative
}im}o_—b_rightening with respect to nearby continuum regions.

Our results may be compared with those obtained by Sinton (1972)

for the 189004 CH 4 band. Both limb and polar brightening were found.

Sintbn fitted his observations with a radial intensity distribution consisting of
, a uniform disk combined with limb-brightening proportionat to 1/p, where

i equals the cosine of the angle made by the incident/emergent ray with

respect to the local outward normal to the atmosphere. Both components
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of the intensity were taken to contribute equally at the center of the
Uranus disk. In the notation of Appendix I, the limb brightening .. .

¢component takes the functional form (1 - r? "1/2, 0

=sr<1, =

Our coarse analytical technique used in this paper to explore
the information contént of the photometric scans of Uré.nus has;
several basic limitations. First, the assumption of smooth elliptical
distributions of radial intensity over the disk is entirely arbitrary.
Second, the use of circular symmetry prevents investigation of :
azimuthal structure on thé disk. In fact, direct deconvolutioﬁ of
the Uranus scans is required to thoroﬁghly investigate the two-
dimensional photometric structure of its disk. In principle, Fourier
analytical techniques, operating on the Uranus slit scans made in

orthogonal directions, can be used. But practical application of

Fourier analysis o the Uranus images remains to be demonstrated.



APPENDIX I: THE POINT SPREAD FUNCTION

Our empirical studies show that the two-dimensional {x,y) image
of an astronomical point source formed by the Flagstaff s_;LtmOSphere—-
Perkins telescope combination can be accurately deseribed by a cir-

cularly symmetric normalized intensity profile given by

S | 2\ 2
r) = 9 5 A exp(—l-'—z-) + Bexp (~r—§) (1.1)
'ﬂr(Acr1 + BO‘Z ) _ oy ] 9% i
where
r=(X2+y2) 1/2 (1.2)

and A, B, 9 and 0, are constants for the image under considefation.
Next, consider a slit of indefinite length, and infinitesimal width,
scanning the two-dimensional image in one-dimension (x). Line-integration

of the point spread function produces a profile given by

L(s) = ﬁ: F (x,7) dy | (1.3)

which reduces to

1 2

) 2 . !
Ao eXp(- X )+Bo expyf~ = :

) 7 P . (1:4)

Vi (a0, +Boy%) 1 012 2 0,2 |

L) =

- - - [ ] k]

. For a slit of finite width, 4, the line-integrated profile is broadened

to produce

g ‘b
56 = f L(¢) d¢ | (1.5)
. a



where the integration limits are

A - A
a=X- - b=x+ o | (1.6)

The slit-scan profile of the point spread function reduces to

=

o T ) ] i o) ]

2

Optimum values for the parameters A, B, Oy U;Z are obtained by

direct comparison of theoretical predictions with thae nhsarvatinnal data



APPENDIX II. THE URANUS IMAGE

1. True Disk Profiles

The Uranus disk is taken to be circular and of unit radius. Its true
intensity px:ofiles, D(r), were chosen to encompass the possibilities
of extremes in both limb-darkening and limb-brightening. Limb-
darkening was described by | )
Dr)=p + (1 - p) \fl-rz , 0=<sr=<1 (2.1)
where |
p = D(1)/D(o) : (z.zl

Limb-brightening was described by

Dir)=1-(1-q)y1-r> | O0srsi (2.3)I

where - - I
q = D(0)/D(1) : (2.4\I
The uniform disk is described by '
D) =1 ) O<r=1] (2.5]
2. Seeing Br oadehing

Every element of the Uranus disk will be affected by seeing broadening.
Smearing by the point spread function will produce a circularly symmetric

intensity profile of the planetary image given by

27 1
Iw) = ./E; /; D) Fle)rdr d‘B (2. 6)',
-

where the radial distance, u, from the center of the image is given by



w2 4 y?) V2

and
p2 = :r:2 +u2 -2rucosé

Equation (2.6) reduces to

2

I(w) = (T, + T,)
. (AUIZ . BO“ZZ) 1 2
where -
/9 1 0 9
T = A expl- B—z)fD(r)rIO (—I-‘%—) exp (— L 2) dr
7y Vo 1 %

and I0 denotes the modified Bessel {unction.

3. Line-~Integration and Slit-Broadening

Consider a slit of infinite length, and infinitesimal width, scanning

the Uranus image in one-dimension (x). Line-integration produces

TS _
Lex) = f e, ) dy

For a slit of finite width, A, the line-integrated profile is broadened to

produce a scan profile given by

b
Stx) = = f L(¢) d¢
a

2.7

(2.8)

2.9)

(2.10)

(2.11)

(2.12)



where the integral limits are given by

A A
a=X- = b=x+-2—

4. Pinhole Integration

" Our pinhole calculations consider only diametric scans across

the Uranus image. For a pinhole of radius r,, numerical integration

1

over the pinhole aperture is required to obtain the pinhole scan profile,

given by . :
. 2% ry
PE) =] [ Im, $) ndndd
o 0
where
I(n, ¥ =I()
with

Ly

112---':>c“2+'r14 + 2x71 cos P

2.1

(2.1

(2.15)

(2.1i
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TABLE I -

URANUS OBSERVING LOG*

_ scan® sgy @) (3), (4
DATE (U.T.) FILTER NO. REMARKS
TYPE | DIRECTION TRANSPARENCY| SEEING :
1978 May 18 P S->N 7, 8 4 2-3 PSF (¢ Vir)
1976 June 16 S NeS, 3,4,17, 8 5 3-4 PSF (¢ Vir and
BeW . . Double Stars)
1976 June 17 P E-W ' 7, 8 5 : 2-3 PSF ( ¢ Vir)

*Notes:

Scan type is either pinhole (P) or slit (S)
Sky transparency and seeing conditions are given on scale 0-5 (i.e. wors@:-—best)

- R

All PSF data were taken using slit scanning. Scan directions and filters used
were identical with those employed to obtain the Uranus profiles.

4. Angular scales of both the Uranus and stellar profiles were identical for all
scans on all nights. . Scale calibration was achieved using double stars of

known separation.

6Z-d



TABLE II

FORMATION OF COMPOSITE PROFILES

Date (U.T.) Object Sca.n- — Filter Integrated Scans one-ggga;cans/ one—gggaécans/
Type D 1rect1on_ ‘ Integration Composite
{1976 May 18 | Uranus p N-S 7 2 500-801 1301
" Uranus P N-S 8 2 200 400 -
" PSF S All All 4 20 80
1976 June 16 |. Uranus S N-8 3 5 50 250
" Uranus S N-S 4 4 50 200
" Uranus S N-S 7 3 100-200 400
" Uranus S N~S 8 4 50 200
" Uranus S E-W 3 4 50 200
" Uranus S E-W 4 4 50 200
" Uranus S E-W 7 6 100-200 700
" Uranus S E-W 8 8 50 400
" PSF S Al All 29 20 580
.J1976 June 17 | Uranus P E-W 7 500 1500
" Uranus P E-W 8 100-200 300
" PSF S All ALl 20 100

gg-4d
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FIGURE CAPTIONS

Fig. 1. The composite stellar slit scans for each night of ohservation.
Theoretical point spread function predictions are compared with observalion.
Optimum curve fitting only is illustrated. The corresponding PSF parameters

are tabulated.

Fig. 2. Illustration of atmospheric seeing quality on 1976 June 16.
Specimen double star scans obtained in the direction of maximum separation
are shown. Scans were obtained by integrating over 20 individual one-

second sweeps,

Fig. 3. Theoretical intensity distributions over the Uranus disk selected
for the analysis. Intensity, I(r), is considered to be a smooth function of
radial disténce, r, from the center of tle disk. Azimuthal:symmetry is

assumed.

Fig. 4. Analytical uncertainties in.troduced by ;atmOSpheric seeing fluctuations.
Theoretfical Uranus slit scans are shown computed for 1976 June 16, The
Uranus disk was taken as mrcmarly syn;r;létrlc W1th an apparent angular =
diameter of 3. 99 arc. Seeing broadening was computed for a uniformly
bright disk, and for the two cases of extreme limb-darkening and

extreme limb-brightening shown.in Fig. 3. The optimum PS¥ parameters

tabulated in Fig. 1 were used together with two alternate sets of

parameters obtained by varying B, o and 62 together by £ 5 percent.
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Fig, 5'. Analytical uncertainties introduced by changes in the Uranus
radius. Theoretical Uranus slit scans are shown computed for |

1976 June 16, Three models for the radial distribution of intensity

over the disk were used. Computations were made for a uniformly

bright circular disk, and for the two cases of extreme limb-darkening

and extreme limb-brightening shown in Fig. 3. Seeing broadening was
described by the optimum set of PSF parameters tabulated in Fig. 1.

The optimum Uranus radius was taken as 25, 900 knis; Two alterna-

tive Uranus radii, obtained by varying the optimum value by =5 percent, were

also used,

Fig. 6. Composite Uranus slit scans obtained on 1876 June 16 for the
16200% waveband. Theoretical slit scans are compared with observation.
The Uranus disk was taken as circularly symmetric with an apparent angular
dié.lhetez_' of 3'.199 arc. Seeing broadening v;zas described by' the optimum set
of PSF parameters tabulated in Fig. 1. All six models for the radial dis-
tribution of intensity over the Uranus disk shown in Fig. 3 were used. All
theoretical and observational scans were normalized {o a fixed arbitrary
flux from the planet. In the abscissa, the zero point corresponds to

the centroid of each observed and theoretical scan profile. Centroids

of the observed scans will coincide with the physical center of the disk

only if the inténsity distribution is circularly symmetric. For information
purposes, thé observable pole of Uranus is located 2'.'7 arc west, 01.'2 arc

north of the physical center of the disk. ’
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Fig. 7 . Composite Uranus slit scans obtained on 1976 June 16 for the
164004 waveband. T“heoretical slit scans are compared wilh observation.
;I‘he Uranus disk was taken as circularly symmetric with an apparent angular

e
diameter of 3.99 arc. Seeing broadening was described by the optimum set

of PSF parameters tabulated in Fig. 1. All six models for the radial distri-
bution of intensity over the Uranus disk shown in Fig. 3 were used. All

theoretical and observational scans were normalized to g fixed arbitrary

flux from Cthe planet. In the abscissa, the zero point corresponds to

the centroid of each observed and theoretical scan profile, Centroids

of the observed scans will coincide with i:he physical center of the disk
only if the intensity distribulion,is cir;:ularly symmetric, For information
purposes, the observable po-le of Uranus is located 2?7 arc west, 0'.'2 arc

north of the physical center of the disk.

Fig. 8. Composile Uranus slit scans obtained on 1976 J:une 16 for the
73004 waveband. Theoretical slit scans are compared with observation.

The Ur?.;aus disk was laken as circularly syinmetric with an apparent

angular diameter of 3'.‘99 arc. Seeing broadening was described by the
optimum set_of PSTF parameters tabulated in Fig. 1. All six models for the
radial distribui:ion of intensity over the Uranus disk shown in Fig. 3 were used.

All theoretical and observational scans were normalized to a fixed arbitrary

flux from the planet. In the abscissa, the zero point corresponds to

the centroid of each observed and theorelical scan profile. Centroids

of the observed scans will coincide with the physical centeiv of lhe disk
only if the intensity distribution is circularly symmetric. For information
purposes, the obser'vable pole of Uranus is located 2‘.17 arc west, 0'.l2 arc

north of the physical center of the disk,



Fig. 9. Composite Uranus slit scans obtained on 1976 June 16 for the
A7500Awaveband. Theoretical slit scans are compared with observation.
The Uranus disk was taken as ‘circularly symmetric with an apparent angular
diameter of 3'.'99 arc. Seeing broadening was desqribed by the optimum set
of PSF parameters tabulated in Fig. 1. All six models for the radial distri-
bufion of intensity over the Uranus disk shown in Fig. 3 were used. AlL

theoretical and observational scans were normalized to a fixed arbitrary

flux from the planet. In the abscissa, the zero point corresponds to

the centroid of each observeq and theoretical scan profile, Centrc;ids

of the observed scans \*.”ill coincide wi-th the physical center of the disk
only if the intensity distribution is circularly symmetric. .For informa;tion
purposes, the observable pole of Uranus is located 2'.'7 arc We.-st, 0'.'2 arc

north of the physical center of the disk.

Fig. 10, Composite Uranus pinhole scans obtained on 1976 May 18 and on
1976 June 17 for the M7300& waveband. Theoretical pinhole scans through the
image center are compared with observation. The Uranus disk was taken

as circularly symmetric with a mean apparent angu']ar diameter of 4'.'03 arc.
Seeing broadening was described by the optimum set of PSF parameters
tabulated in Fig. 1. All six models for the radial distribution of intensity
over the Uranus disk shown in Fig. 3 were used. All theoretical and
observational scans were normalized to a fixéd arbitrary flux from the planet.
In thegg_s'cissa, the zero point corresponds !;o the centroid of each obgerved
and theoretical scan profile. Centroids of the observed scans will

coincide with the physical center of the disk only if the intelisity distribution
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is ci;'cularly symmetric, Moreover, the scans must be precisely across
a diameter of the planetary disk. For information purposes, the ohservable

pole of Uranus is located 2.7 ave west, 0.2 arc north of the physical center

of the disk.

Fig. 11.  Composite Uranus pinhole scans obtained on 1976 May 18 and on 1976
June 17 for the X7500Awaveband. Theoretical pinhole scans through the image
center are compared with observation. The Uranus disk was taken as circularly

. 11
symmetric with a mean apparent angular diameter of 4.03 arc. Seeing

broadening was described by the optimum set of PSF parameters tabulated
in Fig. 1. Al six models for the radial distribution of intensity over
the Uranus disk shown in Fig. 3 were used. All theoretical and observational

scans were normalized to a fixed arbitrary flux from the planet.

In the abscissa, the zero point corresponds to the centroid of each obgerved

and theoretical scan profile. Centroids of the observed scans will

coincide with the physical cenler of the disk‘only if the intensity distribution
is circularly symmefric. Moreover, the scans must be precisely across

a diameter of the planetary disk. For information purposes, the observable
pole of Uranus is located 2'.‘7 arc west, 0'.12 arc north of the physical center

of the disk.
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P Limb-Brightening on Uranus in the A?BOO% o
CHy Band. M. J. PRICE, Planctary Science Institute,

and 8. G. FRANZ, Lowell Observatory ~ New narrow-band
(100A) photoelectric area-scanning photometry of the
Uranus disk in the strong 273008 CHr band is reported.
Coarse guantitative studies of the true radial intensity
profile of the disk show moderate limb-brightening to be
present. Specifically, the true intensities at the
center and limb of the planetary disk are approximately
in the proportion l:2. Extreme limb-brightening, with
a corresponding intensity ratio greater than 1:4 is not
permitted by the observational data. Our results are
intexpreted on the basis of a simple radiative transfer
model containing an elementary vertical inhomogeneity.
The Uranus atmosphere is approximated by a finite upper
layer of conservatively scattering particles below
which lies a semi-infinite homogenecus H2-CHs gas.
Isotropic scattering is assumed. ‘The measured degree

of limb~brightening is consistent with an upper layer

of optical thickness 0.1 together with a CHy/Hg

mixing ratio "2 x 107% in the lower atmosphere. -
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