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The results are given of a revision and small extension of the Palomar-Leiden Survey of minor 
planets. The majority of the class 4 orbits in the original Survey have been rederived using positions 
measured from the second plate of each blink pair, and in some cases the orbits could be raised to 
class 1 quality by the identification of observations in the second month. By using the concept of 
"e-assumed orbits," meaningful--if not always accurate--orbits are given for the cases that 
previously had to be rejected. The extension to the Survey consists of 170 new objects found in the 
field used for photometric calibration purposes. The total number of orbits in the Survey is 2403, 
and a tabulation is given of the 1198 orbits that supplement or amend those in the original Survey. A 
listing is included of the identifications of Palomar-Leiden objects with minor planets observed at 
other oppositions. 

INTRODUCTION 

The Palomar-Leiden Survey of faint mi- 
nor planets, published almost a decade and 
a half ago (van Houten et al., 1970; herein- 
after called PLS I), had as its principal ob- 
jective a statistical discussion of the orbits 
of faint minor planets. The orbits were as- 
cribed to four quality classes depending on 
the available observations. Class 1 orbits 
were based on at least two positions in each 
observing month (September and October 
1960). Class 2 orbits involved only a single 
position in one or the other of the months. 
Class 3 and 4 orbits were obtained from po- 
sitions in one month only and were defined 
according as to whether the arc of observa- 
tion was greater than or less than 7 days. 
PLS I consisted of 1965 orbits, including 
129 entries that were rejected for reasons 
specified there. 

t Deceased; formerly the director of the Cincinnati 
Observatory. 

During the first Tucson colloquium on 
minor planets in 1971 considerable interest 
was shown in the individual orbits in the 
Survey. For that reason an attempt has 
been made to improve the quality of the 
orbits, mainly by examining the Survey 
plates for further positions. It has been pos- 
sible to transfer to an improved quality 
class some 120 of the orbits in PLS I, and 
for the majority of the orbits remaining in 
class 4 the opportunity was taken of using 
positions measured on the second plate of a 
blink pair. No systematic search for addi- 
tional minor planets has been made in the 
original Survey fields, but there is a consid- 
erable increase in the number of fourth- 
class orbits on account of the acquisition of 
additional positions (from the September 
1960 plates) of objects for which there had 
previously not been enough observations to 
permit an orbit determination. Further- 
more, the plates containing Selected Area 
(SA) 68, which had been used for the photo- 
metric calibration, were also searched for 
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minor planets.  The minor planets on the SA 
68 plates and the images o f P L S  I objects on 
additional nights were  found in Leiden us- 
ing a blink microscope  lent by the Lunar  
and Planetary Labora tory .  The number  of  
orbits has in fact been increased by 441, 
including 170 (designated with P-L numbers  
in the 3000s) determinat ions for objects 
found in the SA 68 field. 

The total number  of  orbits in PLS II is 
2403, and a lmost  exact ly half of  the orbits 
represent  new computat ions .  More than 
700 of the new orbits were  computed  by the 
late P. Herget .  After  Herge t ' s  death, B. G. 
Marsden  obtained orbits for some 450 more 
objects.  A number  of  orbits were derived at 
the Leiden Obse rva to ry  by means of  a com- 
puter  program written by Herget ,  and a few 
orbits were computed  by C. M. Bardwell, 
then at the Cincinnati Observa tory .  

e-ASSUMED ORBITS 

In view of the low accuracy  of the fourth- 
class orbits (and to some extent  third-class 
orbits), two selection rules were applied for 
their accep tance  in PLS I. These were that 
the orbital eccentr ici ty e should not exceed 
0.30 and that the semimajor  axis a should 
not be smaller than 2.0 AU, except  for ob- 
jects  of  Hungar ia  type and the obvious 
Apollo- type object  6743 P-L. Similar rules 
have been adopted in PLS II,  but the limits 
were changed slightly. The upper  limit for e 
was generally increased to 0.35, since about 
1% of  the class 1 orbits have e > 0.30. The 
general lower limit of  a was shifted to a 
more realistic 2.1 AU, and objects thai 
seemed to be at and beyond the 2:1 
Ki rkwood gap (3.3 AU) were subjected to 
careful scrutiny. The relaxation of the ec- 
centricity limit has meant  that five of  the 
previously rejected class 3 orbits can be ac- 
cepted without change. These are 7620, 
9086, 9528, 9552, and 9593 P-L: the reliabil- 
ity of  the second of  these orbits has in fact 
been demonst ra ted  by the identification of 
observat ions  of  the same object in 1980. 

The total number  of  orbits rejected ac- 
cording to the new limits was 91, while for 
13 fur ther  objects  no orbit  could be deter- 

mined at all; one orbit was excluded be- 
cause of its very high inclination i. For 
these 105 objects ,  orbits have therefore 
been derived by more  devious means,  gen- 
erally by fixing e (and somet imes  a instead 
or in addition) at reasonable values. The 
phi losophy for this procedure  is that, if the 
residuals f rom such an orbit are acceptable,  
the orbit should be closer to the truth than 
one determined by more direct means that 
gives values of  e and a outside their accept-  
able ranges. While this is undoubtedly true, 
it is difficult to judge the reliability of  these 
" e - a s sumed  orb i t s"  statistically. Some in- 
sight may,  nevertheless ,  be obtained from 
the following examples  of  choices between 
accepting the straightforward class 4 orbits 
and orbits with assumed eccentricity.  

First, for 2223 P-L four different orbits 
were available: 

i,* (~ i / ~1 ( ' o m p u t e l  

11(}746 221789 17:~7 0 .2747 2.0968 He rge t  
119.18 218.75 1.66 (I.2663 2.2272 Bardwel l  

I IS.50 220.07 1.52 0 .2692 2.1629 M a r s d e n  (e as , ,umed) 

112.14 221.26 1.42 0 .2730  2.1193 M a r s d e n  

The orbit computed  by Herget ,  derived ac- 
cording to his method (Herget ,  1965) and 
the quasi- least-squares differential correc- 
tion described in PLS I, used all six avail- 
able observat ions  (covering a 4-day arc), 
and a is just  below the acceptable  mini- 
mum. Bardwell  used the same method 
without the differential correction,  and this 
forces the first and last observat ions  to 
have exactly zero residuals; on the other 
hand, he rejected one of the observat ions  
and obtained a result that is certainly ac- 
ceptable.  The e-assumed orbit incorporated 
all six observat ions  but was designed to 
give a in the range expected  of  normal mi- 
nor planets.  Although certainly not true of 
all e -assumed orbits,  a full least-squares dif- 
ferential correct ion then succeeded in this 
case and gave a value of  a that is just  techni- 
cally in the acceptable  range. One con- 
cludes that the orbit of  2223 P-L is basically 
determinate  but that it may be influenced by 
a rather  poor  position; the e-assumed orbit 
is undoubtedly a good approximat ion to the 
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truth, although in this case the complete 
least-squares solution has been adopted.  

In the case of  4540 P-L satisfactory orbits 
could be derived for eccentricit ies covering 
the range 0.00-0.35, small values of  e being 
associated with large values of  i and vice 
versa. On the other  hand, the semimajor 
axis varied only slightly among the orbits. 
It is probable that the eccentrici ty is in fact 
larger than the value (0.01) eventually 
adopted,  but it is clear that, except  for a, 
which must be in the range 3.0-3.2 AU, 
nothing can really be said about the orbital 
elements of  this object. 

For  6339 P-L the eccentrici ty of  the 
adopted e-assumed orbit (0.24) is essen- 
tially the smallest that gives acceptable re- 
siduals. Larger  values, up to e = 0.40 and 
more, also represent  the observations satis- 
factorily. It is possible that the omission of  
one of  the observations would lead to a gen- 
eral solution with an acceptable eccentric- 
ity, but the orbit of  6339 P-L is obviously 
not particularly determinate.  

The conclusion is that, while in some 
cases the adopted e-assumed orbits may be 
good approximations to the truth, in many 
others they are merely wild guesses. There 
is no way to remedy this situation, but the 
alternative of giving general results with 
meaninglessly high eccentricities seems 
somehow less satisfactory. While the genu- 
ine fourth-class orbits can be discussed sta- 
tistically in a reasonably appropriate way, 
as is shown in the next section, many of  the 
individual cases must clearly be suspect 
and in that sense differ from the e-assumed 
cases only because the general solutions 
just  happened to give values of  e and a in 
the acceptable ranges. 

C O M P A R I S O N  W I T H  T HE  PLS I C L AS S  4 
ORBITS 

Although it can be expected that, on the 
whole, the addition of  a second position 
from a blink pair has increased the accu- 
racy of  the fourth-class orbits, it is desirable 
to put this qualification on a quantitative 
basis. To do this, the new class 4 orbital 
elements were compared with those given 

in PLS I. Since the accuracy of  the old or- 
bits had already been discussed, it was 
hoped that the accuracy of  the new orbits 
could be derived from the differences. For  
this comparison 370 orbits were available. 

It soon turned out, however ,  that there is 
a systematic difference between the semi- 
major axes of  the old and the new orbits. 
Closer inspection showed that this differ- 
ence is limited to orbits with a < 2.6 AU in 
PLS I. The average value of  this difference 
is as much as 0.121 AU,  in the sense that 
the old values are smaller than the new. 
Accordingly,  for the purpose of  determin- 
ing the accuracy of  the new orbits, the com- 
parison was restricted to the cases that 
originally had a > 2.6 AU. No further sys- 
tematic differences were found, and the fol- 
lowing average differences were derived: 

rUaal = 0 . 0 7 0  AU 

= 0 . 0 4 0  

fS j = 1735 .  

Compared with the corresponding values 
(derived by comparison of first-class orbits 
with effective fourth-class orbits deter- 
mined from the September  observations 
alone) in PLS I (l~---d I = 0.071 AU, [~ee I = 
0.035, I~1 = 0°.76), this gives the impression 
that the new class 4 orbits are of  very good 
quality. As indicated in the previous sec- 
tion, this is certainly unrealistic. The accu- 
racy of  the class 4 orbits in PLS I was prob- 
ably overest imated,  since it was based on 
measurements  of  bright images that have 
smaller positional errors than faint ones. 
Moreover ,  the two sets of  data are not com- 
pletely independent.  

On the other  hand, in 19 cases it was pos- 
sible eventually to identify further observa- 
tions that allowed new class 4 orbits to be 
extended to class 1. The sample is small, 
but the resulting differences between the 
new class 4 and the corresponding new 
class 1 orbits are: 

I~--al = 0.040 AU 

[Ae I = 0.027 

191 ° -- 0.70. 
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DISTRIBUTION FUNCTION OF SEMIMAJOR 
AXES AND ECCENTRICITIES OF CLASS 4 

ORBITS 

The Figs. 1 and 2 show the distributions 
of the semimajor axes and eccentricities of  
the final PLS II orbits of  classes 1 and 4, the 
results of  class 1 being shown with a broken 
line and those of  class 4 with a solid line. 
Only representat ive samples of  the class 4 
orbits have been plotted (681 in the case of  
the semimajor axes and 590 for the eccen- 
tricities), and the class 1 entries have been 
scaled to correspond to the selected num- 
ber of  class 4 orbits. 

In the plot of  semimajor axes (Fig. 1), the 
3 : 1 Kirkwood gap is clearly visible (around 
2.5 AU), although in the class 4 distribution 
it is much more shallow than in that of  class 
1. The distribution function for the eccen- 
tricities (Fig. 2) is rather  similar for  the two 
quality classes, each having a maximum 
n e a r e  = 0.17. 

ORBITS OF QUALITY CLASS 2 

A class 2 orbit, which involves observa- 
tions over  an arc of  from 4 to 9 days in one 
of  the observing months and just  a single 
observat ion in the other,  is in effect a case 
where it is not clear whether  the orbit has 
essentially the accuracy of  a class 1 orbit or 
whether  it should really be treated as of  
only class 3 or 4. Even  if the residuals are 
satisfactorily small, one can never  be abso- 
lutely sure that the observat ion and/or  its 
identification are correct .  Statistically, the 
distribution of  semimajor axes is found to 
be more nearly similar to that of  the class 1 
orbits than to that of  class 4. In particular, 
the 3 : 1 Kirkwood gap is essentially in its 
right place. It can thus tentatively be con- 
cluded that the additional position generally 
really does belong to the object to which it 
has been assigned. In fact, the number  of 
class 2 orbits in PLS II is less than in PLS I, 
for it was possible to promote  almost 50 of  
the earlier orbits to class 1. 

On the other  hand, the large residuals 
shown in PLS I indicate that the month-to- 

month linkages of  observations of 2202, 
2207, 4864, and 6692 P-L were incorrect.  
Fur ther  investigation has also revealed in- 
correct  linkages for 2785 and 6794 P-L (the 
latter in fact originally was a class 1 orbit). 
Accordingly,  these orbits have now been 
relegated to class 4 status. 

SPECIAL ORBITS 

Orbits for nine new Trojans (2804, 4292, 
4322, 4534, 6375, 6889, 9602, 9612, and 9616 
P-L) are listed in this paper. Four  of these 
were suspected to be Trojans in PLS I, but 
it was not then possible to give Trojan-like 
orbits. Unfortunately,  all but one of the 
new Trojans have e-assumed orbits. While 
this is regrettable,  it does provide a good 
illustration of  the occasional great useful- 
ness of  this method of  orbit computation.  
One more Trojan, 2706 P-L, which had a 
class 4 orbit in PLS I, now has a class I 
orbit. 

Three  new Hilda-type objects (2864, 
6240, and 7617 P-L) were found, two of 
them again with e-assumed orbits (7617 P-L 
had a rejected orbit in PLS I). Three  earlier 
class 4 Hilda orbits (2709, 4710, and 6847 
P-L) have been somewhat improved, but 
they remain class 4. 

Four  new Hungarias (3006, 3509, 6310, 
and 6378 P-L) were found (two again with 
e-assumed orbits), as was the known 
Hungaria object 3566 P-L = (1235) Schor- 
ria. Two of  the earlier class 4 Hungaria or- 
bits (2112 and 4761 P-L) have been some- 
what improved,  and three more (7071, 
7072, and 7082 P-L, the first of  which has 
recently been identified at other  opposi- 
tions and numbered) have been improved to 
class 1 quality. 

The orbit of  one more fast-moving object,  
5025 P-L, was obtained. At the time of ob- 
servation this object was evidently some 
0.7 AU from Earth. If  the elements are reli- 
able, this object would have its perihelion in 
the vicinity of  the orbit of  Mercury and its 
aphelion between the orbits of  Jupiter and 
Saturn ! 
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New computa t ions  confirm the general 
correc tness  of  the two previously known 
Apollo- type objects ,  6344 and 6743 P-L 
(both still of  class 4). A class 2 Amor- type  
orbit in PLS I, that of  4788 P-L, has now 
been promoted  to class 1, and at e = 0.56, 
this is by far the most  eccentr ic  class 1 orbit 
in PLS II. 

In a study of  orbits in the 2 : 1 Kirkwood 
gap, Franklin et al. (1975) concluded that 
most ,  if not all, of  the 21 PLS 1 orbits (all 
then of  class 3 or 4) that appeared to be 
librating were  spurious.  This is borne out in 
PLS II, which in ten instances shows 
" ' former  l ibra tors"  with improved general 
orbits that are far from the gap. In three 
cases (2691, 2834, and 5557 P-L) these im- 
proved orbits are of  class I. On the other 
hand, 2699 P-L has a class I orbit of  only 
modera te  eccentr ici ty right in the gap. The 
class 3 orbit for 7591 P-L also remains in 
the gap. 

The highest orbital inclination among the 
class 1 orbits is still the 26?4 (for 2104 P-L) 
ment ioned in PLS I. Two third-class (the 
Hungaria  3509 P-L and the Phocaea 7501 
P-L) and four fourth-class orbits have 
higher inclinations, the largest value being 
30?7 in the case of  3055 P-L. Since the SA 
68 field is further from the ecliptic than the 
older fields, it is to be expected  that it 
would produce a greater  proport ion of high- 
inclination orbits. The median inclination of 
the SA 68 objects is 9?2, just twice the me- 
dian inclination for the Survey as a whole. 

No proper  e lements  have been obtained 
for the new orbits,  so little can be said 
about  the occur rence  of family members  
among the new class 1 orbits. 

T A B U L A T I O N  

PLS II  contains a total of  2403 orbits, and 
the number  of  the orbits in each quality 
class Q is as follows: 

Q No .  

1 1124 
2 132 
3 183 
4 859 
X 105 

Quality class X refers to the e-assumed or- 
bits, 96 of  which might otherwise be as- 
cribed to class 4, the remainder  to class 3. It 
should be noted that 2510 P-L = (1694) and 
6549 P-L = (1630) were accidentally listed 
under both designations in PLS I. 5029 P-L 
should also be eliminated, because it is 
identical with 2128 P-L, which now there- 
fore has a class 1 orbit. The orbit of  6303 
P-L is erroneously given as class 4, instead 
of class I, in PLS 1. 

Table I lists 1198 orbital elements that 
supplement  or amend the orbits in PLS I. 
The standard angular elements  co, 11, and i 
are referred to the mean equinox of 1950.0, 
and the mean anomaly  M corresponds  to 
the epoch JED 2437200.5 = 23.0 Sept 1960 
ET. The absolute magnitudes g were calcu- 
lated using the same phase function 
adopted for PLS 1, 1.03 T(o0 + 0.039 1~1 - 
0.05, where T(c~) represents  the opposit ion 
effect (as a function of the phase angle c0 
tabulated by Gehrels (1967). They are thus 
not exact ly equivalent to standard B(I,0) 
values. The column N shows the number  of 
observat ions  utilized in the computat ion.  
The 441 orbits for which there were no cor- 
responding entries in PLS I are indicated 
with a letter N al ter  the planet number.  

Thir teen of  the objects for which orbits 
are given in Table 1 have been identified 
with long-numbered minor planets or with 
minor planets observed  at other opposi- 
tions (some of  which have therefore re- 
cently been permanent ly  numbered).  Better 
orbits for these objects are obviously avail- 
able elsewhere.  These P-L objects with 
identifications (numbers  in parentheses  de- 
noting numbered  minor planets) are as fol- 
lows: 

2221 P - L  - 1 9 7 9 M W 7  3042 P -L  - 

3072 P - L  = (1106) 3088 P -L  

3516 P - L  = (2546) 3525 P -L  

3547 P - L  - (973) 3566 P -L  

7 0 7 1 P - L  = 12495) 

1981 ER3 3071 P -L  - (2799) 

(516) 3102 P-L - (156) 

~1112) 3537 P-L = (2412) 

~1235) 4805 P -L  - 1981 EP22 
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Likewise, many of the objects for which orbits were published only in PLS I 
have subsequently been permanently numbered or identified at other oppositions. 
These are: 

2005 P-L  = (2125) 2006 P-L  = (1979) 2007 P-L  = (1964) 
2008 P-L  = (1868) 2009 P-L  = (2798) 2010 P-L  = (2823) 
2011 P-L  = 1965 SX 2015 P-L  = (2154) 2017 P-L = 1980 TT6  

2159 P-L = (958) 2509 P-L  = (2339) 2517 P-L  - (1808) 
2519 P-L  = (2214) 2520 P-L  = (1776) 2521 P-L  = (1965) 

2522 P-L  = (1809) 2523 P-L = (2041) 2524 P-L = (2317) 
2525 P-L  = 1977 QG1 2526 P-L  = (2018) 2528 P-L  = (2224) 
2529 P-L  = (2176) 2533 P-L  = 1976 SQ1 2540 P-L  = 1978 Q V I  
2552 P-L  = (1966) 2563 P-L = 1978 W A 6  2578 P-L = 1931 BC 
2580 P-L  = (2818) 2605 P-L  = (2782) 2630 P-L = 1979 TP2 

4006 P-L  = (2934) 4007 P-L  = (1777) 4008 P-L = A923 RD 
4010 P -L  = (1795) 4011 P-L  = (1923) 4017 P-L = 1978 TG6 

4021 P-L  = (2662) 4023 P-L = (1924) 4081 P-L  = 1980 PFI  
4097 P-L  = (2054) 4113 P-L = 1981 EQ25 4120 P-L  = 1982 RC1 

4196 P-L  = (1810) 4260 P-L  = 1974 RK1 4506 P-L  = (1778) 
4519 P-L  = (2256) 4576 P-L = (1811) 4578 P-L  = (2435) 

4579 P-L  = 1980 FJ3 4583 P-L - 1982 CB 4585 P-L = (2800) 
4596 P -L  = (1869) 4633 P-L  = (2042) 4645 P-L = (1812) 
5550 P -L  = 1983 A P  6036 P-L = (2095) 6066 P-L = (2436) 

6073 P-L  = 1981 E R 1 9  6081 P-L = 1977 EC8  6090 P-L = (2200) 
6091 P-L  = 1982 VO 6116 P-L  = (1779) 6512 P-L = (2247) 
6521 P-L  = (2318) 6525 P-L  = (2921) 6534 P-L  = (1912) 
6542 P -L  = (2155) 6545 P-L  = (2471) 6546 P-L  = (2225) 
6547 P-L  = 1979 SW9 6548 P-L = 1983 A X  6550 P-L = 1983 CCI  
6551 P-L  = (2177) 6553 P-L  = (1846) 6554 P-L = (2930) 

6558 P-L  = (2876) 6559 P-L  = (2003) 6560 P-L  = 1969 F E  
6561 P-L  = (2663) 6562 P-L = 1971 S W  6567 P-L  = (2289) 
6578 P-L  = (2462) 6591 P-L = 1979 GB 6611 P-L  = 1976 QJI  
6816 P -L  = (2413) 7588 P-L  = (2082) 7589 P-L  = (1813) 

7631 P-L  = (2319) 7633 P-L = 1977 DR3 9086 P-L  = 1980 R M I  

9503 P-L  = (1976) 9597 P-L = (2210) 

A C K N O W L E D G M E N T S  

The  a u t h o r s  w i s h  to t h a n k  the  d i r e c t o r  o f  the L u n a r  

and  P l a n e t a r y  L a b o r a t o r y ,  T u c s o n ,  for  his  w i l l i ngnes s  
to loan  the  b l ink  m i c r o s c o p e  to  the L e i d e n  O b s e r v a t o r y  
for  use  in th is  p r o g r a m ,  and  the  d i r e c t o r  o f  the Kap-  
t e y n  L a b o r a t o r y ,  G r o n i n g e n ,  for  m a k i n g  ava i l ab l e  a 

p l a t e - m e a s u r i n g  i n s t r u m e n t .  The  i m p o r t a n t  con t r ibu -  
t ions  of  T o m  G e h r e l s  (who  o b t a i n e d  all  the  S u r v e y  
p l a t e s  wi th  the  1.2-m S c h m i d t  t e l e s c o p e  at  P a l o m a r  in 
1960) and  o f  Ing r id  v a n  H o u t e n - G r o e n e v e l d  are  a l so  

v e r y  g ra t e fu l ly  a c k n o w l e d g e d .  F u r t h e r  t h a n k s  are  due  
to  C o n r a d  B a r d w e l l  for  the c o m p u t a t i o n  of  s o m e  of  the  
o rb i t s ;  he  ha s  a l so  b e e n  r e s p o n s i b l e  for  the  m a j o r i t y  of  
the  iden t i f i ca t ions  of  S u r v e y  ob jec t s  a t  o t h e r  oppos i -  
t ions .  
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