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Abstract. More than ever the problem of the origin of the long-period comets seems to materiaize in
both inciting and exciting debates among astronomers and plysicists. For more than 50yeas
scientists have been trying to solve the isaue; neverthelessall the present acknowledged theories have
their shortcomings and eventualy do ot provide aclear answer. Severa theories acounting for the
formation of the Oort cloud cometsin the Uranus-Neptune planetary region with variations on the
theme, aswell as several competing theories designing interstellar moleaular clouds asthe crrect
origin of the long-period comet cloud, have been advanced. The present paper triesto present an
overview andto critically discussthe main ideas together with their principal inconsistenciesin an
acessble and concise format.

1. Historical background: Newton, Halley, long and short-period comets

In an attempt to shed light onthe existing knowledge of the origin of cometary ohjects, a short
overview of the main historical tradk leading to capital developmentsin the cited domainis
undoubtfully appropriate.

Leaving aside the early observation of the comets and their wrongful labeling as clouds of luminous
gas high in the Earth’ s atmosphere, the first focus onthe comets as such (let uscall it “inatrue
scientific manner”) was done in the 17" century by Isaac Newton. Using his then-new law of
gravitation rext to Kepler’s existing laws of planetary motion, Newton pointed out that the Sun-
grazing comet of 1680 had been moving through space along an apparent parabolic path, therefore not
boundto the Sun, but extending far into interstellar space. Not long afterwards EdmondHall ey
corrected Newton, arguing that comets move in very long elli pses rather then parabolas, and thus they
are boundto the Sun. Halley’ s theory can hardly be denied its revolutionary feature provided that his
conclusion was based solely onvery crude observations of comets which he compiled in the very first
caaogue of 24 cometary orbits.

We noticethat progressdid not wait toolong oncethe start has been enacted; the boost given by
Newton's and Halley’ s discoveries was probably determinant. As early as the second Hlf of the 18"
century, based ontheincreasing empirica data (discovering and trading more and more cmets),
astronamers could dvide the comets into two groups: long-period comets and short-period comets.
Themain dstinctive feature consisted in the time required for comets to complete an orbit aroundthe
Sun: short-period orbits were the orbits requiring less than 200years, whil e the long-period abits
were the comets that needed more than 200 yeas to complete their orbits. Another important
difference resided in the long-period comets tending to enter the inner solar system randamly from all
directions, while the short-period comets have usually orbitsinclined nomore than 40 degreesto the
ediptic plane. An immediate ansequenceisthat long-period comets might move retrograde aound
the Sun, while the short-period comets are moving prograde a our Earth dces. In particular interest
appeared concerning the origin and the cause of each of these types of comets. We will further
concentrate on the long-period comets and will try to investigate and pronaunce ourselves with regard
to their origin.
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Surprisingly enough, despite (or should werather say “due to”) the fast technol ogical development
and the substantial newly aaquired data, confusion spread among scientists when trying to assess the
origin of the cmmets. Concretely, in the beginning of the 19" century it became obvious that the
periods of many long-period comets were not just long, but exceedingly wrong. It appeared that about
one-third of the longperiod comets were cming into the planetary region ontragjectories not bourd
gravitationally to the solar system; this time they were thought to be hyperbolas. We car consider us
fortunate asthistime the astronamers realized guite fast that the hyperbadlic trgjecories were the result
of the perturbations from the giant planets coupled with the very weak bourding of these mmetsto
the Sun. Moreover, al the calculations were crreded for areferenceto the center of massof the
entire solar system and nd only to the Sun, thus obtaining so-cal ed baryocentric rather than
heliocentric orbits. Had these @rrections been performed, all theinitially hyperbdlic orbits becane
eliptical andthus the way towards new discoveries explaining the origin and cause of the long-period
comets was cleared again.

2. Setting the scene: Oort’s contribution

It was not before mid-20" century that astronomers had their first “acceptable” theories accounting for
the origin of the long-period comets. Adianus van Woerkom opened the stage by showing that the
apparently broad andflat distribution of cometary orbital periods could be explained entirely by
planetary perturbations, which tend to scatter the comets in arandam manner to both larger and

small er orbits. Nevertheless a dilemma remained with reference to the pileup of comets at near-zero
energy. It was here that the astronamer Jan Oort came in and recognized that exactly this gike had to
represent the source of the long-period abits. Heimagined this sourceas avast cloud d objectslying
far beyondthe planets and extending to the edge of the Sun's gravitationa influence. Perturbations of
cometary orhits by passng stars or moleaular clouds are responsible for scattering comets into the
inner solar system. As these Oort cloud comets enter the planetary system for the first time, their
courses are sometimes considerably atered by the planet’sinfluence. Thase that gain orbital energy
are shot out of the solar system becoming interstellar wanderers. On the other hand, comets that lose
energy beame more tightly boundto the Sun and thus fall among the flat distribution of orbital
energies calculated by van Woerkom. Briefly, in the standard setting', a comet scattering off the giant
planets returns repeatedly to the inner solar system until either something catastrophic (that could be
gectionor collisionwith aplanet for instance) happens or the orbit receives alarge enough external
perturbation that it nolonger enters the inner solar system. Inthis ense, Oort’s picture of long-period
cometary cloudseemed highly reasonable; nevertheless some asumptions made by the astronamer as
well as osme haracteristic values that he calculated proved to be wrong in later analysis.

At histime, Oort calculated that the long-period comets have orbits that extend aut to between
100,000and 30Q000AU from the Sun. Nowadays, having so much many acairate orbits for long
period orbits, we know that the aserage orbital aphelion of a “new” long-period comet is about 44,
000AU. The eplanationfor this gnall er distanceis that in addition to perturbing randam passng
starsthe Oort cloud is also perturbed by gravitational tides generated by stars both in the Milky way’s
disk andin the galactic core (the latter to a considerable lesser extent). It consequently turned ou that
the tide due to he galactic disk is stronger than the sol e perturbations taken into accourt by Oort from
randam passing stars. The result is that comets with orbital apheliabeyond 200,000 AU are eaily
lost to interstellar space thus the Oort cloud extends only urtil approximately 200, 000AU. Moreover
the gravitational eff ects of the massin the nucleus andin the disk of our galaxy lead to an ellipsoidal
shape of the tenuous boundary of the Oort cloud.Hence atheoretical image of the Oort cloudexists
even if the cometary cloud as such has never been seen.

! For our purpose a“standard setting” will mean a setting where we do not allow for planetary migration. If we
include planetary migration computations as well, the model becomes much more cmplex (seeFailed Oort
clouds and planetary migration, by B. Hansen, astro-phv00040585 April 2000)
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Anather wrong assumption made by Oort consisted in the dways “gentle” character of the
phenomena within the Oort cloud In hiswords the cmmetary cloudlooked as “ a garden, gently raked
by stellar perturbations’. In reality extremely violent processes might occur either by perturbing very
close passng stars or by giant moleaular cloudsin the galaxy (the so-cdled GMC's). It isnot within
our purpose in this paper to describe these particular violent phenomena dthouwgh if they were to be
considered ontheir scientific merits, thereis no way they could be left out. We will instead focus on
the consequences of these phenomenafor the topic of the present paper. What is extremely relevant
for thetopic isthat due to these GMC encounters as well asto other several phenomena, the
popuation of the Oort cloud is assessd to have increased to about 6 trillion comets. Naturally the
guestion was where had dl these comets come from? And orcethe question was asked, many theories
acounting for the origin of the Oort cloud were born.

3. Hypothesesfor the origin of the Oort cloud- prosand cons

Pessimists might easily argue that the origin o the Oort cloudremains largely an unanswered
guestion as all existing theories have their shortcomings. Neverthelessthereis no doulh that many
things are much more dear now and even if notheory can completely acount for the origin of the
Oort cloud it is extremely interesting to consider and analyze the most challenging and competing
ideas.

3.1. Theoriesaccounting for creation of cometswithin planet formation

Generaly speaking we can dvide the bulge of theoriestrying to explain the origin of the long-period
cometsin theories of comet creation within planet formation and theories of comet creation within

star formation or even earlier. Of course these are not clear-cut subdivisions, theories accounting for
instance for interstell ar origin and later capturing by our solar system being also advanced (however,
aswe shall see, these do ot have areal scientific value). We begin our investigation by presenting the
main theories that acwunt for the cmet creation during planet formation.

To give history what belongsto history, Oort speaulated already in 1950that the comets must have
been gected from the asteroid belt by the giant planets during the formation o the solar system. This
was probably one of the shortest-living theories accounting for the origin of the long-period comets as
Fred Whipple proved in the same yea that comets were “dirty snowballs’ and thus they should have
been formed much further from the Sun, in locations cold enough for water to condense.

The most primordial theory at present assumes that the Oort cloud comets probably came from the
Uranus-Neptune zone. Having small er masses than the masdve Jupiter or Saturn, Uranus and Neptune
could na easily throw so many comets onto escape trgjeaories and consequently a larger fraction o
the cometsin their zones ended upin the Oort cloud Doult has been cast onthis scenario, asthe
Uranus-Neptune region cannot account for sufficient source of energy to gject the cmmetary nuclei
into the Oort cloud. Weissman estimated that the initial Oort cloud cometary popul ation must have
exceeded at least 80 Mg - IN 1994Bail ey came with an estimation of the present cometary massof
at least 380 Mgyt With an upper limit of survival probability of 20%. That obviously means that the
gjected massof cometary popuationwas at least several times higher than the sum of masses of
Uranus and Neptune (less than 32Meatn ), Which are regarded as the main gecting planets. So a
contradiction appeared. The reason why thistheory is gill regarded as the primordia theory (despite
its mentioned shortcomings) isthat late dynamicd studies siggested that also dbjects from the
asteroid belt have been giected in the Oort cloud (the old theory of Oort revived) and surprisingly their
number isnot at all negligible. Computations by H. Levinson led to an almost 2% ejected asteroids
from the inner-planet region o the total Oort cloud population. No valid explanation exists nowadays
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for this relative huge number of asteroidsinthe  Oort cloud Henceit isnat yet very clea whether
computations are misleading, some alditional element is missng or the theory cannot survive.

A dlightly different theory from the primordia one, attempting to solve the dilemma of the energy
needed to deliver the cometary nuclei into the Oort cloud, was propased by Fernandez. He assumed
that a considerable fraction d the nuclei was gjeded into the cloudnot only by Uranus and Neptune,
but also by Jupiter and Saturn. However, thisideafailed as well as the efficiency of the latter planets
to placethe nuclei into the doudwas assssd to be too small (the computed ratios of massejected to
the comet cloud and interstellar space respectively were found to be only 0.03for Jupiter and 0.16for
Saturn) and thus dill insufficient to acount for the huge Oort cloud pgoulation. Moreover, another
observation came against Fernandez' s ideawith Bergin demonstrating that cometary nuclel were
created in a @oler environment than the Jupiter-Saturn zone of protoplanetary discs: the initial
temperature of the two most recent long-period comets, Hyakutake and Hale-Boppwas foundto be
between 25to 30K and respedively 40K. Naturally we canot generalize on an absol ute scale but
observational evidenceisonly suppating so far the latter view.

Next to mention, there ae several theories ascribing interstellar origins for the Oort cloudand this
comets being captured All this classof theoriesis presently heavily criticized as not being ableto
provide any reasonable mechanism of cgpture of interstellar comets by the solar system (one of the
main criticsin this snseis Torbett). Furthermore, even if we ignore by absurd thisfirst problem, the
interstellar origin theories fail to show any scientific merit in accounting for the high-density core of
the Oort cloud. It is estimated that the density would have been much small er if the comets had been
captured by our solar system from the interstellar space and would not necessarily exhibit the present
pattern (high-density core, extremely tenuous borderline).

3.2. Theoriesaccounting for creation of cometsin molecular interstellar clouds, before
planetary formation

It hasto be stated first of al that a aertain weaknessof all this classof theories cannat be disregarded:
so far no specific physical medchanism of creation of cometary nuclei in an interstellar-cloud
environment, nomatter how dense, has been worked out in detail . However late enpirical discoveries
have reveded a certain number of unexpected phenomena’ in the interstellar clouds and henceiit is
considered that it is only a matter of time until this weaknesswill be cmbated with solid arguments.

We begin with atheory that is not exactly belonging to the classof theories discussed under the
above-mentioned heading, but it isavery influentia theory in this context. One of the extremely
interesting theories, the theory of creationin situ, was published by Hillsin asealy as 1982.
Althouwgh arelatively old theory, it does not have so many or so important shortcomings as one would
imagine. Practically Hills suggested that “pressure exercised by radiation from the Sun and from
neighbaring protostars may have forced the coagulation into comets of dust grainsin collapsing layers
of the protosun at distances from 1 to 5thousand AU.” If so far nothing can be brought against this
reasoning, thinking about the impli cations of this theory, if such efficiency in comet creationis
adually present, then the comets would have aso further coagulated. Moreover, this coagulation
would have happened at an even higher rate, in molecular interstellar clouds during the passages of
the extremely luminous gars through the dense cloudregions. Not perfect, this theory still raises
considerable interest. Variations of the same main idea, aiming to solve the present controversies, are
equally important. A follow-up d Hill s'sideain anew theory will be described in more detail s
below.

2 One of the most interesting example is the discovery of the evaporating gaseous globules in the M 16 nebula
with the Hubble SpaceTelescope. Such dobues are overdense regions appropriate for a condensation of
maaoscopic bodes. For more detail s £eHestler et al. ,199%, AJ111, 2349
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Among the most recent and challenging views concerning the formation of the Oort cloud, the
conception of the Oort cloud as aremnant of the protosolar nebula seems to raise particular and
increasing interest. L. Neslusan isthe author of several papers and articles describing very accurate
terms this claim. There are many indications (some touched by presenting the above hypotheses) of
similarities among cometary material and that of cool, dense interstellar clouds. On the other hand, it
might be regarded as proven that the comets have been bounded to the solar system over al its
existence (empirical evidence). If we combine these facts, the most appropriate birthplace for comets
seems to be the molecular interstellar clouds. To be extremely critical, it does not follow directly, but
in no other theory do we find exclusively deductive ways of reasoning. Once accepted this first
assumption (see the weakness mentioned in the beginning of this section), then it is obvious that the
cometary nuclel had to take part in the collapse of protostelar clouds. Neslusan proved that it is more
than likely that the comets would have remained at Oort cloud distances from the center of the cloud
and thus the comets in the Oort cloud may represent aremnant of the nebular stage of the solar
system. Obviously thistheory is based on assumptions that cannot really be proved (but counter-proof
isalso inexistent). First of all, it is assumed that the cometary nuclel were sufficiently large so asto
move according to mechanic laws and not to obey the laws of hydrodynamics as the dust and the gas
molecules. If this assumption is not so hard to accept as macroscopic bodies are subjected to
mechanics rather then hydrodynamics, a second assumption is added, assuming that the changein
gravitational potential during the collapse was not so strong as to lead to the collapse of cometary
nuclei into the protoplanetary disc. Hence, what isimplied is that the comets from the Oort cloud
represent aremnant of protosolar nebula from a stage before its collapse into the protosun and
protoplanetary disc. The entire demonstration is based on showing that a significant number of
cometary nuclei remained somewhere at large distances from the center at the end of the collapse, if
the peak of the presumed Maxwell-Boltzman distribution of the initial velocities of the nuclei was not
lower than 100 m/s (an upper limit of afew hundred m/s also exists, but an excess of thislimit was
deemed improbable so it isnot at al discussed). Unfortunately it isimpossible to make areliable
guantitative estimate of this peak of velocity distribution. Nowadays it is aimed to prove the theory
with the help of analysis of its consequences. To what extent thisis going to happen in the near future,
we cannot tell.

4. Conclusions

If we were to draw any conclusions we could only assess the steady if not increasing interest in the
origin of the long-period comets. Albeit supporters of the first class of theories or the latter one, the
scientists are looking for further proofs for their theories. Observationa evidence is increasing but not
yet to the extent that afinal decision could be reached. Until then we will have to satisfy ourselves
with what we have been offered: far-reaching but till incomplete competing theories aiming to
explain the origin of the Oort cloud.
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