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Abstract. The current list of 264 well-determined original orbits
of long-period comets (Marsden 1989) includes 18 hyperbolic or-
bits with negative binding energies —1/a, exceeding 4 x 10~ AU.
According to Yabushita (1991) this is the upper limit compatible
with the nongravitational accelerations of outgassing cometary
nuclei, and higher values may be indicative of interstellar origin.
Analysis of the published orbit computations shows that for 10
of the 18 suspect comets (1895 IV, 1898 VIII, 1904 II, 1911 IV,
1932 VII, 1940 III, 1959 III, 1968 VI, 1975 XI, 1986 XVII) the
hyperbolic excess is within the range of computing uncertainty
even for a purely gravitational solution. In another five cases
(1953 11, 1957 III, 1960 II, 1971 V, 1989 XIX) nongravitational
solutions yield positive values of 1/a,, and in two cases (1899 I
and 1955 V) the remaining excess is smaller than its mean error.
A difficult exception is comet 1976 I, but a detailed analysis of its
observations has shown that they can be satisfied by an elliptic
original orbit without the inclusion of nongravitational effects
(Kresak 1992). Statistical analysis of various properties of the
quasi-hyperbolic comets makes it possible to identify the sources
of the computed hyperbolic excesses. These are, in particular,
splits of cometary nuclei implying the loss of exact identity, and
outbursts changing the appearance of the central condensation.
Such events are rather irregularly distributed in time, concen-
trating around 1957, and cannot be described by any simplified
model of nongravitational accelerations. Orbital elements T, g
and i, affecting the observing conditions in several respects, also
play a significant role. All of these effects tend to increase the dis-
persion of the computed original binding energies. Accordingly,
the real proportion of new comets and their degree of cluster-
ing around the aphelion distance of about 60000 AU is greater
than generally assumed; and there is no evidence for any comet
coming from the interstellar space.
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1. Introduction

While there is a prevailing belief that no comet coming from
interstellar space has been observed as yet, the list of 264 best de-
termined orbits of long-period comets (Marsden 1989) includes
45% of hyperbolic orbits. The principal reason of this appar-
ent contradiction was explained long ago by Stromgren’s (1914)
backward integrations of the motion of 13 hyperbolic comets,
and confirmed later by more extensive studies by Van Woerkom
(1948), Oort (1950), and others. Before the entry into the inner

solar system, where the long-period comets become observable,
their barycentric motion changes into the heliocentric one, and
accelerating planetary perturbations begin to prevail. A system-
atic computation of the original orbits was initiated by Everhart
(1968), and applied in a great extent mainly by Everhart and
Raghavan (1970) and Marsden et al. (1978). For a great majority
of the comets moving on hyperbolic arcs near the Sun, the origi-
nal orbits were found to be elliptic. Nevertheless, the proportion
of hyperbolic orbits did not drop from 45% to zero, but only to
10%.

The negative tail of the distribution of original binding ener-
gies z, = 108(1/a,) AU™! is rather long. The number of comets
with —800 < z, < 0 is exactly the same as that in 40-times nar-
rower intervals around the main concentration of “new” comets,
10 < z, < 30 and 30 < z, < 50. Of course, one cannot expect
a Gaussian or similar distribution due to the different accuracy
of the individual orbits, the mean errors of z, being typically +5
for the highest quality class 1A, +12 for 1B, +50 for 2A, and
4250 for 2B. This also illustrates the inapplicability of purely
statistical approaches to the problem. The highest hyperbolicity
on record corresponds to an excess velocity of 0.8 km/s which,
at first glance, may appear easily recognizable. One must bear
in mind, however, that this is the excess velocity at infinity. At
the heliocentric distance of 1 AU around which this comet was
observed, it drops to less than 0.008 km/s, or 0.02% of the
heliocentric velocity.

The authors of a majority of the crucial orbit computations
(Marsden et at. 1978) claim that the resulting hyperbolicity does
not imply an interstellar origin, but is due to the nongravitational
accelerations. There are three arguments in favour of this inter-
pretation: (I) the excess velocities — up to 0.8 km/s — are one to
two orders of magnitude lower than typical encounter velocities
of nearby stars — 10 to 40 km/s; (II) hyperbolic orbits prevail
among comets of smaller perihelion distance, which display a
higher activity and, hence, are subject to stronger nongravita-
tional forces; and (III) alternative solutions with the inclusion
of one or two standard nongravitational parameters make often
these hyperbolic orbits elliptic.

While most of the recent papers on the origin of comets
accept this explanation, the opposite view (Yabushita and
Hasegawa 1978) cannot be neglected. It is based on the fol-
lowing contra-arguments: (I) there is a significant bias in favour
of very low encounter velocities, because the curvature of such
orbits by solar attraction displaces the perihelion towards the Sun
and increases the probability of passage through the planetary
region where the comets only become observable; and (II) there
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is no clear correlation between the hyperbolic excess and perihe-
lion distance. Point (III) was recently questioned by Yabushita
(1991). Basing on a simplified physical model of nongravitational
acceleration by progressive outgassing of cometary nuclei, he de-
termined the upper limits of the excess velocity and negative
binding energy compatible with this explanation: 0.18 km/s and
—37 x 1078 AU, respectively. He also listed 15 comets which,
according to this criterion, should be of interstellar origin.

The aim of the present paper is to identify the real sources
of the hyperbolicity, and to draw some general conclusions on
the physical processes and observational biases affecting the de-
termination of cometary orbits.

2. Comets with computed hyperbolic original orbits

The list of 15 comets suspected to be of interstellar origin
(1/a, < =37 x 107 AU™!), as compiled by Yabushita (1991),
was supplemented by three additional objects from Marsden’s
Catalogue (1989). These are 1953 II Mrkos, missing in the list for
unknown reasons, and 1986 XVII Levy and 1989 XIX Okazaki-
Levy-Rudenko, both observed after the previous edition of Mars-
den’s Catalogue (1986) used by Yabushita. Note also that there
are two printing errors in the original list (Yabushita 1991, Table
II): 1985 IV should read 1895 IV, and 1980 II should read 1904
IL

The updated list is presented in Table 1. It includes the
following data: definitive numeral designation and name of the
comet, its perihelion distance g (in AU); its orbital inclination i (in
degrees); the difference between the date of the first observation
and the date of perihelion passage t; (in days); the difference
between the date of the last observation and the date of perihelion
passage t, (in days); the length of the orbital arc between t;
and t,, L (in AU); the quality class of the computed orbit on
Marsden’s scale (1A - 1B - 2A - 2B); the computed original
binding energy z, = 1/a, (in 107°AU~'); and Notes, pointing
out different phenomena relevant to the orbit determination. All
the numerical data are taken from Marsden’s Catalogue (1989),
except for L which is computed from

v v -3
q/ul (cosz) dv

vy 3 U Uy
q [(tan 5/cos 5) — (tan 7/005 3)

+Intan (% +45°> —Intan (%1 +45°)] 1)

~
It

where v; and v, are the true anomalies of the comet at the time
t; and t,, respectively. L is the principal parameter governing the
attainable accuracy of the orbit determination.

However, there is a number of additional circumstances which
affect the accuracy of each individual orbit computation. They
can be roughly divided into three groups:

(I) The appearance of the comet. Only some comets, and in
larger telescopes, show a star-like nucleus. Otherwise the centre
of light needs not coincide with the centre of mass. Jets of
gas and dust, accompanied by brightness bursts, can make this
shift variable and inaccountable, especially in observations with
limited resolution. The extreme case is splitting of the nucleus by
which the object looses its exact identity. The nongravitational
forces associated with this produce a discontinuity in the orbital
motion of the principal fragment with the previous motion of
the parent body.
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(II) The quality of astrometric data. This includes the total
number of observations, their accuracy, duration, length of the
geocentric orbital arc covered, and degree of homogeneity of
the coverage. There may be longer intermissions due to small
solar elongations (below 30° to 40°). Sometimes the first record
is a prediscovery observation, and a belated announcement of
the discovery may make the beginning of the observed arc less
reliable. Owing to improving measuring techniques and better
catalogues of reference stars the positional accuracy is improving
with time.

(IIT) The method of orbit computation. While the present tech-
niques allow to avoid computing and rounding-off errors, there
is in fact no objective method for selecting and weighting the
individual measurements. This makes the final result dependent
on the criteria used for rejection of some observations as erro-
neous, or not accurate enough. When nongravitational effects are
included, the problem becomes still more complicated, because
different empirical formulae with different numerical parameters
are used — again without the possibility of an objective choice
of the most proper one. Thus even the same positional database
may yield substantially different results.

All of these circumstances must be taken into account before
accepting an interstellar origin for a comet with computed hy-
perbolic original orbit, even when the hyperbolic excess of 1/a,
is outside its formal mean error. One cannot exclude entirely the
possibility that the orbit was perturbed by an unknown solar sys-
tem object before entering the region of major planets. However,
the spheres of action of such potential perturbers must be negli-
gibly small compared with the total target area at that distance.
Even one such case among the known comets would be hardly
believable, and more than one would be entirely out of question.

3. Phenomena associated with hyperbolic orbits

The notes to Table 1 point out the peculiarities of the individual
comets which may have affected the determination of z,. For the
explanation of the hyperbolicity it is essential that these comets
show such peculiarities much more often than those with elliptic
original orbits. As a suitable reference sample for a statistical
comparison, the Oort cloud concentration of 54 new comets with
10 < z, < 50 was extracted from Marsden’s Catalogue (1989).
This is exactly 3-times more numerous than the sample from
Table 1. Accordingly, one would expect to find in it a number
of unusual phenomena like splitting and outbursts about three
times higher.

From the statistics of splits and outbursts compiled from
different sources (Vsekhsvyatskij 1958 and 1979, Stefanik 1966,
Pittich 1971, Hughes 1975, Golubev 1975 and 1976, Sekanina
1977, 1979 and 1982, Kresak 1981, Kronk 1984, Andrienko and
Karpenko 1987), and supplemented by a search for more recent
events of this kind reported in the available literature (IAU Circu-
lars, Internat. Comet Quart., Quart. Journal RAS), the following
conclusions can be drawn :

The number of splits in both samples is exactly the same.
In each of them there are two comets the separate fragments
of which were followed for at least two weeks, allowing for the
determination of their relative motion (1899 I and 1955 V against
1905 IV Kopff and 1957 VI Wirtanen), and three cases in which
a transient duplicity or multiplicity was recorded by experienced
observers without an unambiguous confirmation by others (1932
VII, 1957 III and 1960 II against 1889 I Barnard, 1912 II Gale
and 1954 VIII Vozarova). This implies that the occurrence rate
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Table 1. Comets with z, < —40

Comet q i t t L z, Notes
1 1976 1 Sato 0864 940 -34 432 167 2B -734 F
2 1955V Honda 0.885 107.5 -6 +108 248 2A -727 AD
3 1959 111 Bester-Hoffmeister 1.251 12.8 —45 +56 213 2B 446 DJFG
4 1989 XIX  Okazaki-Levy-Rudenko 0.642 902 -79 +43 310 2A -218
S 18951V Perrine 0192 1416 -31 +236 545 1B -172 H
6 1971V Toba 1233 109.7 41 +145 363 2A -142 D
7 1960 11 Burnham 0504 1596 -81 +115 467 2A -135 B,DH
8 195311 Mrkos 0778 972 57 4224 552 1B -125 EJFH
9 1940 II1 Okabayashi-Honda 1.062 1331 +46 +141 173 2B -124
10 1986 XVII Levy 0.921 96.6 +19 +158 264 2A -121
11 18991 Swift 0327 1463 40 +121 405 1B -109
12 1957 III Arend-Roland 0316 1199 -206 +368 983 1A 98 B,DFGH
13 1968 VI Honda 1.160 1432 -32 495 267 2A 82
14 1904 II Giacobini 1882 996 +45 <4210 257 2A -75 C
15 19111V Beljavsky 0.303 965 -11 +130 337 2A -74 DH
16 1898 VIII  Chase 2285 225 +56 4280 317 1B -71 C
17 1932 VII Newman 1.647 784 -115 +118 417 1B -56 BJF
18 1975 XI Bradfield 0.219 706 40 +46 276 2A 56 DH

Notes: A —splitting, B—multiple nucleus, C—granular coma, D - outbursts, E—strong lightcurve asymmetry, F - prediscovery obser-
vations, G —belated announcement, H—intermission of observations by conjunction with the Sun.

of splits was three times higher among the comets with computed
hyperbolic original orbits than among those with typical orbits
coming from the outer Oort cloud.

As for the outbursts, which are less clearly defined, the dis-
proportion is still higher. Outbursts similar to those noted in
Table 1 (1911 IV, 1955 V, 1957 111, 1959 III, 1960 II, 1971 V and
1975 XI) have been recorded only in two comets from the ref-
erence sample (1951 I Minkowski and 1962 III Seki-Lines). This
makes the occurrence rate of outbursts for the suspect interstellar
comets as much as ten times higher than for the others.

In addition to the evident association between sudden disinte-
gration processes in comets and resulting hyperbolic orbits, there
is one more statistically significant feature. One half of the comets
with z, < 50 which underwent splitting or outbursts passed their
perihelia within a relatively short time span, equivalent to one
solar cycle: 1951 I - 1954 VIII - 1955 V - 1957 III - 1957 VI -
1959 III - 1960 II - 1962 III. They include also all three cases
of splitting accompanied by outbursts. Both before and after this
period, the frequency of such events was much lower. It does not
seem that this could be just a chance coincidence, or a result of
higher observing activities. At the same time it appears difficult
to suggest any reasonable physical explanation.

The impact of splits and outbursts on the determination of
cometary orbits was already pointed out by several authors. For
example, Grudzinska (1986) has computed two orbits for comet
1914 II Kritzinger, one from the observations made before its
outburst and the other from those made afterwards. The former
gave z, = +3251196 (an old comet) and the latter z, = +16+35
(a new comet). Sekanina (1968a) has computed the elements of
comet 1960 II from six separate orbital arcs. Large differences
appeared especially after its outburst, with indication of splitting.
The reduced values of z, range from —2370 + 710 (an extremely
hyperbolic orbit) to +5210 42770 (a very old comet)! Note that
in both cases the formal mean errors are much smaller than the
differences between the alternative solutions.

The role of nongravitational forces was already investigated
by Marsden et al. (1973, 1978), Yeomans and Chodas (1989),
Festou et al. (1990) and others, and alternative nongravitational
orbits have been published for a number of long-period comets.
Such orbits must be taken with caution for several reasons. They
assume that any systematic deviations of the measured positions
from a purely gravitational fit are due to nongravitational accel-
erations. They express this effect by one or two free parameters
in a simplified universal model, thus increasing the number of
unknowns for the conditional equations. And they also com-
plicate the transition from the osculating to the original orbit.
Contrary to the short-period comets, the main checking point
(observed variation of the revolution period) is missing. While
the mean positional residuals can become smaller by several tens
of percent, the mean error of z, may easily increase to a multiple
of that obtained by a purely gravitational solution. Nevertheless,
a statistical comparison indicates that the inclusion of nongravi-
tational effects tends to introduce a positive correction of z,, and
quite often changes a hyperbolic orbit into an elliptic one.

4. Different orbit determinations of hyperbolic comets

Tables 2 and 3 present a compilation of relevant characteristics
of different orbits published for the comets from Table 1. They
are based on the search in the available literature, which may
be not entirely complete. Preliminary orbits based on a limited
number of observations, orbits computed from arcs shorter than
L =1 AU and, of course, all parabolic orbits have been omitted.
For each comet the orbit from Marsden’s Catalogue (1989) is
given first, followed by other orbit determinations going back in
time, i.e. mostly of decreasing accuracy.

The tables quote the source of reference, followed by the
number of observations used for the orbit computation, N, the
dates of the first and last observation included, ¢; and t, (in
days, referred to the date of perihelion passage, ie. t — T), and
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Table 2. Characteristics of individual orbit determinations of comets with z, < —100

Comet Reference N t ts L A z +e “4ep Hep Zo

1 19761 Marsden et al. (1978) 59 25 432 145 - 1405 167 216 - 141 -734
Nakano (1980) 61 -25 432 145 - -1565 186 213 138 -89%4

Kresak (1992) 68 25 432 145 - 656 - 200 131 +15

2 1955V Marsden et al. (1978) 102 -5 4100 232 - -1071 121 52 4 727
Marsden et al. (1978) 102 -5 +100 232 1 -628 289 52 44 284

Buchinger (1975) 180 -5 4100 232 - -1488 - 39 34 -1144

3 1959 111 Schubart (1961) 29 45 456 213 - 2142 534 133 95 446
4 1989 XIX  Nakano (1989) 107 -79 +10 223 - 463 34 56 46 218
Nakano (1990) 180 -79 443 3.10 =31 32 24 19  +214

5 18951V Marsden et al. (1978) 78 30 +235 541 - =265 8 8 13 -172
Van Biesbroeck (1973) 238 30 +236 542 - +78 - 5 9 +171

6 1971V Marsden et al. (1978) 131 -39 +145 359 - 821 40 20 17 -142
Marsden et al. (1978) 131 -39 +145 359 2 -628 43 20 17 +51

Marsden et al. (1973) 113 -39  +125 327 - 972 39 27 22 293

Marsden et al. (1973) 113 -39 +125 327 2 685 53 27 22 144

Marsden et al. (1973) 113 -39 +125 327 1 -596 47 27 22 -1

Marsden et al. (1973) 113 -39 +125 327 1 -566 54 27 22 +80

Marsden et al. (1973) 113 -39 4125 327 1 -605 45 27 22 -102

Marsden (1972) 90 -39 +125 327 - -920 - 29 24 241

Hurukawa (1971) 122 -39 4125 327 -  -822 - 26 21 -143

7 1960 11 Marsden et al. (1978) 37 -76  +89 412 - 590 23 26 24 135
Marsden et al. (1978) 37 -76 +89 412 2 288 33 26 24 4167

Marsden et al. (1973) 37 -76 489 412 2 -59 39 26 24 403

Marsden et al. (1973) 37 -76 +89 412 2 4110 33 26 24 432

Marsden et al. (1973) 37 76 +89 412 1 -209 31 26 24 +17

Marsden et al. (1973) 37 76 +89 412 1 -175 40 26 24 +150

Marsden et al. (1973) 37 -76 489 412 1 237 26 26 24 —41

Marsden et al. (1973) 37 76 +89 412 1 -237 26 26 24 -99

Sekanina (1968a) 103 -81 +89 422 - 596 21 15 15  -141

Van Biesbroeck, Marsden (1963) 182 81 +89 422 - 570 22 12 11 -115

8 195311 Marsden et al. (1978) 64 45 +175 458 - 442 9 15 16 125
Marsden et al. (1978) 64 45 4175 458 1 =231 - 15 16 +86

Belous (1966) 71 45 4175 458 - 423 34 15 15 -106

9 1940 III Marsden et al. (1978) 19 +50 +140 163 - -1374 316 189 207 124
10 1986 XVII  Green (1987) 33 422 +158 256 - 416 76 55 61  -121
11 1899 1 Marsden et al. (1978) 124 -39 +120 4.01 - -1093 9 17 18 -109
Marsden et al. (1978) 124 -39 4120 401 1 -1030 91 17 18 —46

Wedemeyer (1902) 566 -39 +120 401 - -1053 11 9 10 —69

Merfield (1901) 566 -39 4120 401 - -1073 11 9 10 -89

the length of the orbital arc between ¢, and t,, L (in AU). The
next column, A4, gives the number of nongravitational parameters
included; — means a purely gravitational solution. z is the binding
energy 10°(1/a) of the osculating orbit at the perihelion, and €
its mean error, as given by the author of the computations. In
several cases it was not published, and is replaced by —.

Since the acceptable error of z, is of basic importance for
our problem, and the value of ¢ may be affected by the selection
of observations and their combination into normal places, two
statistical estimates of this quantity, ep and e, are added. They
are defined by

ep = 1.5x 10°N~26 (14 ¢)*? D2 +2 2
where N is the number of observations used, D their total du-
ration (t; — t;, in days), L the length of the heliocentric orbital
arc beetwen t; and t, computed using Eq. (1), and g the perihe-

lion distance of the comet (both in AU). The mean error of the
positions in each co-ordinate (in arcseconds) is approximated by

o = 14 4 0'00007 (1975 — T)? if T <1975 3
o=14 if T>1975 )
where T is the date of perihelion passage. For the derivation of
these empirical formulae see Kresak (1979).

The last column gives the original binding energy z, =
10%(1/a,). For the conversion of z into z, the sum of pertur-
bations from the purely gravitational solutions (Marsden et al.
1978, Marsden 1989) was used, except for a few cases where a
special procedure taking into account the nongravitational effects
was applied (Marsden et al. 1973).

The intercomparison of €,ep and €, shows that the accuracy
of the hyperbolic orbits is generally lower than that of the elliptic
ones. Although Egs. (2) and (3) were fitted to all long-period
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Table 3. Characteristics of individual orbit determinations of comets with —100 < z, < —40

Reference N t t L z +e +ep ter Zo
12 Marsden et al. (1978) 150 -151 4368 9.08 - =779 6 3 4 -98
Marsden et al. (1978) 150 -151 +368 9.08 2  -531 19 3 4 4150
Marsden et al. (1973) 150 -151 4368 9.08 2 667 19 3 4 +9
Marsden et al. (1973) 150 -151 4368 9.08 2  -756 14 3 4  +58
Marsden et al. (1973) 150 -151 4368 9.08 1 -609 17 3 4 =35
Marsden et al. (1973) 150 -151 +368 9.08 1 -641 16 3 4 -16
Mamedov (1969) 256 -152 4368 9.10 -  -797 15 3 4 -116
Sekanina (1968b) 563 -152 4368 9.10 -  -789 4 3 3 -108
Hasegawa (1957) 116 -141 +81 520 =727 - 8 10 —46
Candy (1957) 76 -152 =72 1.30 -561 - 60 157 +120
Kovalevsky (1957) 48 -141 =75 109 -  -646 - 109 279 435
13 1968 VI Marsden et al. (1978) 131 25 495 251 - 573 116 43 33 -82
Papini (1971) 149 32 495 267 - -1025 - 36 28 534
14 1904 11 Marsden et al. (1978) 48 +45 4180 215 - 360 98 104 90 =75
Marsden et al. (1978) 52 +45 4180 215 1 -318 105 100 86 -33
Sedlacek (1910) 118 +45 +180 215 - 149 40 67 58 +136
15 19111V Marsden et al. (1978) 66 -10 4130 334 - 483 47 26 32 -74
Grubissich (1971) 128 -10 4130 334 - 550 - 19 23 -141
16 1898 VIII Marsden, Sekanina (1973) 70 456 +257 288 - 4216 36 50 44 -71
Marsden, Sekanina (1973) 104 456 +257 288 1 4249 49 41 36 -38
Wasnetzoff (1914) 117  +74 +232 228 - 4282 81 62 54 -5
17 1932 VII  Marsden et al. (1978) 48 95 497 349 - -365 15 41 31 -56
Van Biesbroeck (1970) 82 95 4118 384 - +12 - 26 20 4321
18 1975 X1 Marsden et al. (1978) 70 38 436 248 - -7 34 64 46 -56
Marsden et al. (1978) 70 -38 436 248 1 -105 889 64 46 154

comets irrespectively of eccentricity, € is greater than ep and e,
for about 80% of the orbits from Table 2. The discrepancies are
largest for comet 1959 111, and for the nongravitational orbits of
comets 1899 1, 1955 V and 1975 XI - all with splits or outbursts.
The formal mean errors of z, for the purely gravitational orbits
of comets 1895 IV, 1932 VII, 1968 VI and 1971 V are one order
of magnitude smaller than the differences between independent
solutions based on essentially the same observational data. For
about one half of the hyperbolic comets the mean errors e,
ep and €, are larger than the maximum excess assumed by
Yabushita (1991), and € tends to increase with the inclusion
of nongravitational parameters. Here, again, the change of z,
is often one order of magnitude larger than its formal mean
error (comets 1953 II, 1955 V, 1957 III, 1960 II, 1971 V, and
1989 XIX).

5. Cases consistent with elliptic orbits without nongravitational
accelerations

The formal uncertainty of purely gravitational solutions is large
enough to explain the hyperbolic excesses of comets 1898 VIII,
1904 11, 1911 IV, 1940 III, 1968 VI, 1975 XI, and 1986 XVIL A
marginal case is comet 1932 VII, but here the great discrepancy
between the two published orbits, and the presence of a multiple
nucleus, provide strong evidence for rejection of the hyperbolicity.

Similarly, while the two orbits of comet 1895 IV appear
very well determined and are based on the same orbital arc, their
nearly equal values of z, have opposite signs. The main drawback
of this comet was its invisibility for almost two months after the
perihelion passage, when it was too close to the sun. From the
difference in N it is apparent that the two authors have used

different rejection criteria, which were the more difficult that the
comet was observed long ago. The value of € = 18 is evidently a
gross underestimate, and a compromise between the two solutions
does not require a hyperbolicity of the original orbit.

The only profound orbit determination of comet 1959 III
by Schubart (1961) is based on 29 observations from an orbital
arc, less than one quarter of which is from the period after the
belated discovery announcement. All the pre-perihelion positions
were measured on plates taken by unguided small cameras, and
the mean O-C residual is the largest one from among all the 110
orbits listed by Marsden et al. (1978). Therefore, ep and €, are
grossly underestimated, and even the inclusion into the list of well
determined orbits (Marsden 1989) appears questionable. While
the hyperbolic excess —z, is the third largest on the list, the mean
error ¢ is still larger. From the variation of elements Schubart
concluded that for a typical sum of pre-perihelion perturbations
an elliptical original orbit would be unacceptable. Until later,
backward integrations of the original orbit were made (Everhart
and Raghavan 1970); they gave a difference z, — z as large as
+1696. This is the third largest perturbation in Marsden’s (1989)
list of 264 comets — nearly four times the median — and makes an
elliptic original orbit consistent with Schubart’s error analysis.

6. Cases consistent with elliptic orbits with nongravitational ac-
celerations

For comets 1953 11, 1957 I1I, 1960 II and 1971 V, all with irregular
brightness variations and indication of splitting or outbursts,
the nongravitational solutions yield positive values of z,, mostly
around the commonly accepted upper limit for new comets, z, ~
+100. An interesting example is comet 1989 XIX, with the fourth
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largest hyperbolic excess in the purely gravitational solution by
Nakano (1989), z, = —218. After having added the fourth month
of observation and nongravitational parameters, the same author
obtained z, = +214 (Nakano 1990). While the first orbit is
strongly hyperbolic, the second corresponds to an old comet.
The difference is more than ten times larger than the formal
mean error of z, from each computation, or than the limiting
hyperbolic excess adopted by Yabushita (1991).

Explanation of the apparent hyperbolicity of comets 1899 I
and 1955 V requires a combination of both effects — nongrav-
itational accelerations and computing uncertainty. Inclusion of
nongravitational parameters reduces the hyperbolic excess con-
siderably, but z, remains negative. At the same time, however, €
increases and makes the sum z, + € positive. Thus the remaining
excess makes an elliptic orbit entirely acceptable in both cases. In
fact, it would be surprising if such cases would be absent in the
sample of one hundred new comets peaking around z, = +30.
Moreover, these are exactly the two comets which splitted into
two persisting components.

For comet 1976 I similar explanations fail. However, a more
extensive analysis of its observations (Kresak 1992) has shown
that they can be represented by a purely gravitational orbit of
z, = +15. The mean positional O-C residuals of this orbit are
only 10 to 15% larger than those of the two strongly hyperbolic
orbits listed in Table 2. It was a peculiar observing geometry,
appearance, and distribution of observations over the orbital arc,
which combined have made the hyperbolic excess unacceptably
high.

7. Implications for the orbital accuracy

The extreme example of comet 1976 I Sato illustrates the per-
plexities of orbit computations, in particular of the determination
of the binding energy of nearly parabolic orbits. The mean errors
of z, computed by the commonly used procedures may be un-
der some circumstances much smaller than the real errors. Orbit
improvements by the inclusion of nongravitational effects can
also become questionable, whether or not a simplified symmetric
model is used. And, what appears essential, these errors affect
in their statistical impact our image of the outer Oort cloud
— its size, internal structure and dynamical classification of the
individual comets, new or old.

The importance and operation of the individual properties of
comets can be best elucidated by a statistical comparison of comet
samples with different ranges of z,. As a suitable reference sample,
we have the dense concentration of 54 comets at 10 < z, < 50. It
is statistically significant, including over 20% of all long-period
comets with well determined orbits, nearly one half of those of
highest accuracy (1A), and over one half of those commonly
regarded as "new” (z, < 100).

This representative reference sample was divided into four
equally numerous groups according to six different parameters:
the date of perihelion passage, T ; the time of perihelion passage
within each year, t; the length of the time interval used for the
orbit determination, D; the number of observations included, N;
the perihelion distance of the comet, ¢; and its orbital inclination,
i. The rounded-off values of the quartiles of these quantities are
given in Table 4.

Three comet groups of lower z, were compared with this
reference sample: A. 12 comets with —40 < z, < +10, ie. the
transient group between comets from Table 1 and the reference
sample (1849 II, 1886 I, 1892 VI, 1897 I, 1941 I, 1942 VIII,

687

Table 4. Quartiles of selected parameters in the reference sample
(10 < z, < 50)

I/11 II/ir  1I/1v
T 19199 19483 19753
t Apr.30 Aug.10 Oct.5
D 256 421 719
N 41 90 176
q 1.10 1.93 3.62
i 55.5 85.8 125.5

1946 1, 1947 1, 1952 VI, 1981 V, 1983 XVI, and 1988 II). B. 10
comets with z, < —40 and elliptic original orbits consistent with
a purely gravitational solution within the range of computing
uncertainty (1895 IV, 1898 VIIIL, 1904 II, 1911 IV, 1932 VII,
1940 III, 1959 III, 1968 VI, 1975 XI, and 1986 XVII). C. 7
comets with z, < —40 and elliptic original orbits consistent with
nongravitational accelerations (1899 I, 1953 II, 1955 V, 1957 III,
1960 II, 1971 V, 1989 XIX) plus the exceptional comet 1976 L
While the statistical significance of these samples is limited, one
can compare the comet number in each interval listed in Table
4 with that in the reference sample, and determine the a priori
probability ps that the observed, or still higher, concentration
would occur in a sample formed at random under the same
conditions. This is given by

po=m 3 () ¥ @

x=0

where m is the number of comets falling into the most populated
25% interval, from their total number n. As for general and
smoother trends, the two intervals separated by the median yield
additional information, with the probability p, computed from

=2ty (2) ®)

x=0

The values of p, and p; apply to each single 25% or 50% interval.
Unless there is a logical explanation — a clear reason why the
concentration is located exactly there — p; and p, have to by
multiplied by 4 and 2, respectively.

The results are summarized in Table 5 which gives for the
three comet groups A — C their distributions according to the six
parameters T, t, D, N, q and i, and the probabilities ps and p,
computed from Egs. (5) and (6). — means ps > 0.10 or p, > 0.10,
i.e. no statistically significant deviation from the reference sample.
The results are quite interesting and agree in many respects with
the detailed analysis of comet Sato.

Sample A agrees with the reference sample, with only two
exceptions. The durations of astrometric observations below the
average strongly prevail (10 to 2); and the perihelion passages
t concentrate significantly into January-April, their distribution
being almost exactly opposite to that of the reference sample.
Both of these irregularities imply a lower orbital accuracy, and
suggest the explanation of lower values of z, or small hyperbolic
excesses by the limitation of the underlying data.

In sample B the effect of limited duration D is the strongest
one — with all comets falling into the lower half, and all but
one into the lowest fourth. Smaller perihelion distances g (all
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Table 5. Distribution of comets according to the selected pa-
rameters in the intervals specified by Table 4, in samples
A, B, C

I II III IV D4 P2
A:
T 4 4 1 3 — —
t 7 2 1 2 0.014 0.073
D 5 5 2 0 — 0.019
N 5 1 4 2 — —
q 4 3 4 1 — —
i 3 4 2 3 — —_
B:
T 4 2 2 2 — —
t 0 2 3 5 — 0.055
D 9 1 0 0 0.00003 0.001
N 3 6 1 0 0.020 0.011
q 5 4 1 0 — 0.011
i 2 2 3 3 — —
C:
T 1 0 5 2 0.027 0.035
t 6 1 0 1 0.004 0.035
D 7 0 1 0 0.0004  0.035
N 1 2 5 0 0.027 —
q 7 1 0 0 0.0004  0.004
i 0 o0 6 2 0.004 0.004

but one in the lower half) begin to prevail. Such comets are
not only subject to stronger nongravitational forces, but their
varying activity also makes the nuclear condensation less clearly
defined and asymmetric. Moreover, a higher apparent brightness
makes them accessible to smaller telescopes, which restricts the
measuring accuracy. Thus the conclusion made in Section 6, that
the hyperbolic excesses of z, are due to the limited computing
accuracy, finds a full statistical support.

Sample C including the 8 most problematic cases, shows
statistically significant peculiarities in the distribution of all pa-
rameters in question. The distribution of T reflects, in particular,
the enhanced occurrence of splits and outbursts around 1957, the
reason of which is unclear. A strong prevalence of short durations
of astrometric observations D, concentrating into January—April
in t, implies a lower acceracy of z,. At the same time, a higher
total number of observations N (typically twice as high as in
sample B) tends to reduce the formal mean error of z, to a value
inconsistent with an elliptic original orbit.

Only in sample C very significant correlations with orbital
elements appear. Five from among eight comets have inclina-
tions i between 90°and 110°. The motion in such an orbit may
produce most rapid variations of the relatively high geocentric
angular velocity, and a rapid passage from the Northern to the
Southern hemisphere or inversely. The consequences are best
illustrated by comet Sato (Kresak 1992). The fact that even in
this absolutely extreme case the observations can be satisfactorily
represented by a purely gravitational solution with positive z,,
casts additional doubts on the reliability of the nongravitational
parameters determined for the other comets of sample C.

All but one of these objects fall into the lowest 25% interval
of q. Table 6 shows that this is just the peak of a progressive
general trend. Passing from the main concentration of the Oort
cloud to its hyperbolic tail, the mean values of g undergo a

Table 6. The relation between original binding energy z, and
perihelion distance ¢

Z, q
mean/median mean/median
Reference sample +31/431 2.32/1.93
Sample A -13/-15 1.78/1.46
Sample B -128/-79 1.09/1.11
Sample C -286/-139 0.69/0.71

definite progressive decrease — down to 30% of the starting
value. This is a clear statistical support of the explanation of the
hyperbolic orbits by irregular outgassing processes, the intensity
of which increases with decreasing solar distance — as well as the
mass loss rate. The only remaining problem is the relative share
of the three mechanisms involved: nongravitational accelerations
produced by unisotropic and irregular escape of gas and dust,
splitting of the nucleus into separate components, and changes in
the appearance of the nuclear condensation. From this point of
view, the meaning of the nongravitational parameters obtained by
the best fit to the astrometric measurements becomes questionable
— especially for long-period comets.

An interesting point is the distribution of the quartiles of ¢
in the reference sample (see Table 4). The orbits included are in
general more accurate than those of sample A, B and C, and
there is evidently no physical reason why comets coming from
the Oort cloud should pass their perihelia preferentially in the
autumn. In spite of this, the number of perihelion passages with
10 < z, < 50 is nearly twice higher in the second half of the
year than in the first half. The disproportion reflects the an-
nual variations of the observing activities, limited by the varying
meteorological conditions at the majority of the main northern-
hemisphere observatories. This effect is very pronounced in the
annual variation of the discovery rates of the asteroids, where it
biases a data base of much higher statistical significance (thou-
sands of objects), and reaches a considerably higher amplitude
(up to 6 to 1). For more details see Kresak and Klacka (1989).
The analogy is not perfect: for the asteroids the decisive factor
is the intensity of the wide-field surveys, and for the comets the
frequency of accurate astrometric measurements covering inter-
vals of several months, or even a few years, mostly on both sides
of the perihelion passage. The discovery dates of the comets of
10 < z, < 50 remain unaffected, their number being the same
(27) in both halves of the year. For the other long-period comets
the ratio is 1.0 to 1.2, but here the difference between the date of
discovery and perihelion passage is usually small, so that both of
them fall into the same season.

The distribution of the dates of perihelion passage for comets
of different perihelion distance, original binding energy, and ac-
curacy of the computed orbit is summarized in Table 7. The
long-period comets from Marsden’s catalogue (1989) are divided
into the main concentration of the Oort cloud (10 < z, < 50);
its environment (z, < 10 and 50 < z, < 200); other comets with
elliptic or hyperbolic osculating orbits (¢ 2 1,z, > 200 or un-
certain); and other comets for which only parabolic orbits have
been determined (e = 1). From the latter two groups, two types of
comets were treated separately: the Kreutz sungrazers (g < 0.02),
and those comets which probably belong to the Jupiter family
(P < 20 years, see Kresak and Kresakova 1991).

The statistically significant disproportion in the total of

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1992A%26A...259..682K

2K.

FTY902A8A & ~Z597 !

689

Table 7. The number of comets with perihelion passages in the first/second half of the year

qg<?2 q>2 total D2
z, < 10 11/13  3/3  14/16 -
10 <z, < 50 11/16 8/19 19/35  0.020
50 < z, < 200 12/12  5/5  17/17 -
2z, > 200 or uncertain, e S 1 77/86  18/11  95/97 -
z, > 200 or uncertain, e = 1 139/150  9/4  148/154 -
q < 0.02, ground-based observations 4/4 0/0 4/4 -
q < 0.02, spacecraft observations 3/13 0/0 3/13 0.011
P < 20 years, e = 1 assumed 5/13 0/1 5/14 0.032
Total 262/307 43/43  305/350 0.036

comets, 305 to 350, is evidently produced by three subsamples
only: the Oort cloud concentration, the Kreutz group, and the
short-period comets for which no determination of ¢ and P is
available. In the Kreutz group, the high prevalence of perihelion
passages in the autumn is entirely due to its small members dis-
covered by the Solwind and SMM spacecraft — with two thirds
of the discoveries made in August-November. In addition to the
specific time coverage, there is an important effect of observ-
ing geometry. In the autumn these comets approach the Sun on
its front side, and recede behind it. In the spring the situation
is reversed, and some of the small objects do not survive the
perihelion passage — at least as active comets.

The prevalence of discoveries of unidentified short-period
comets in the autumn is readily explainable, too. Most of them
were observed long ago, without any optical equipment. Due to
their low absolute brightness, this was only possible at excep-
tionally favourable perihelion passages, at geocentric distances
3 to 4 times smaller than those of the real long-period comets,
on the average; and their periods of visibility were mostly less
than one month (see Kresak and Kresakova 1991). Under such
circumstances and without the possibility of a rapid discovery
announcement, good local weather conditions in a limited area
of the northern hemisphere became a prerequisite for collecting
positional data just for the computation of a very rough parabolic
orbit.

The annual asymmetry in the group of 10 < z, < 50 is
important for the interpretation of the present observational data
on the Oort cloud, and deserves special attention.

8. Implications for the structure of the Oort cloud

Table 7 reveals an interesting property of the distribution of the
binding energies of long-period comets. Just the division of the
orbital data into halves by ¢ results in a twice higher population of
the peak of the distribution. There can be definitely no physical
reason for a real variation of the rate of perihelion passages
of these comets — with a period 107-times shorter than their
revolution periods, and tied with the motion of the Earth! Hence,
the difference is evidently due to the seasonal variation of the
observing conditions, which is of purely statistical nature and
would appear to be of little importance.

With the improvement of the observing conditions, the indi-
vidual comets are transferred from the region where their orbits
are indeterminate, through that in which only parabolic approx-
imations are feasible, to that in which the eccentricity can be
determined, and original orbit computed. The varying observing
conditions keep a balance between these regions up to the final

step, which tends to concentrate a part of the comets towards
z, =~ 30. Such comets, new in Oort’s sense, are apparently present
also among those with widely different computed values of z,.
The negative tail of their distribution, with z, < 10, includes 30
comets; and it was demonstrated in this paper that it actually
does not exist. Accordingly, there should be also a comparable
number of objects in the positive tail, which are currently classi-
fied as old due to excessive positive values of z, but are in fact
new.

This conclusion is supported by the data of Table 8, which
gives the distribution of the computed original binding energies
z, as a function of their mean errors e¢p computed using Eq.
(2). Marsden’s list (1989, Table 3) is divided into four equally
numerous groups. The proportion of comets with 10 < z, < 50
increases from 3% to 36% when passing from the orbits of lowest
accuracy to those of highest accuracy; and the remaining tail of
2z, < 10 indicates that this is not yet the final value. Thus the real
proportion of new comets and their degree of clustering around
z, = 30 must be much higher than indicated by the available
orbital data.

Table 8. The distribution of original binding energies z, as a
function of their mean error estimates ep

€p
<7 720 20-50 >S50 total

z, < —40 1 4 5 8 18
-40<z,<10 3 2 5 2 12
10 <z, <50 24 16 12 2 54
50 < z, < 200 8 9 4 4 25
z, > 200 30 35 40 50 155
total 66 66 66 66 264

It is well known, and clearly illustrated by Table 7, that this
proportion tends to increase with increasing perihelion distance.
One can speculate that a further improvement of the observing
techniques — enabling the observers to discover comets at still
larger solar distances and to observe them with a higher accuracy
over longer orbital arcs — will lead to a definite prevalence of
the new comets. The concentration around z, = 30 must include
a fraction of the old ones, in which the perturbations since the
first passage through the planetary region have approximately
compensated by a chance coincidence. Their contribution would
not be negligible if there exist some unknown, long rejuvenation
processes working in the outer Oort cloud (Kresak 1977).
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The basic source of information on the origin, structure and
stability of the Oort cloud is the direction distribution of the
aphelia of new comets. This includes important local irregular-
ities, like those found by Biermann et al. (1983), Liist (1984),
Delsemme (1987) and Whipple (1991), overlapping a randomly
distributed background. Attempts to model the shape of the Oort
cloud meet two problems: the limited number of comets which
can be definitely classified as new, and the selection effects as-
sociated with their discoveries. The past relative lack of comet
observers in the southern hemisphere favoured comets with north-
ern perihelion latitudes, and with arguments of perihelia around
90° (Kresak 1975 and 1982). Table 7 shows, however, that there
must be additional effects tied with the seasonal variation of the
recorded perihelion passages. These should affect the distribution
of perihelion longitudes and ascending nodes. The importance of
these effects varies with the perihelion distance, and they can be
only defined by an empirical approximation, which is not simple
at all (Kresak 1975). A higher accuracy of the determination of
the binding energies could help to resolve this component, which
should have an asymmetric and broader dispersion of z,.

9. Conclusions

The main conclusions can be summarized as follows:

1. So far, not a single comet coming from interstellar space
has been observed.

2. The fact that the original orbits of a number of comets
have been found to be hyperbolic, is fully explainable by the
observing uncertainty. This conclusion finds support both in the
comparison of independent orbit computations, and in very sig-
nificant statistical correlations with different parameters affecting
the observing geometry.

3. The formal mean errors of the binding energy obtained
by the conventional least-square fit can become, under specific
circumstances, one order of magnitude smaller than the real
errors. This discrepancy is often due to an irregular distribution
of astrometric measurements over the observed orbital arc;, and
to their unequal accuracy.

4. While the inclusion of nongravitational effects often
changes a hyperbolic orbit into an elliptic one, their share and
quantitative physical definition for long-period comets appears
questionable, due to other overlapping factors and processes.
Their importance, however, is evident from the fact that comets
with smaller perihelion distances, which are subject to stronger
nongravitational effects, exhibit a substantially broader disper-
sion of the computed binding energies than the comets with
larger perihelion distances.

5. In addition to the observing conditions, irregular physical
processes in the individual comets are often responsible for an
apparent hyperbolicity of their orbits. These range from the loss
of exact identity by splitting of the cometary nucleus, to sudden
outbursts changing the appearance and position of the central
condensation. A fact difficult to explain is that such processes
were considerably more frequent in 1950-1960 than in other
periods.

6. The impact of the observing conditions on the measuring
and computing accuracy tends to make the number of new
comets (in Oort’s sense) substantially smaller, and the dispersion
of their binding energies much broader than it actually is. The
concentration of comets around 1/a, = 0.00003 is considerably
higher and narrower than generally assumed.

7. The seasonal variation of observing activities, changing the
rate of observed perihelion passages of those comets which can
be classified as new, affects also the distribution of their orbital
elements and directions of their aphelia.
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