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ABSTRACT

Aims. Considering a model of an initial disk of planetesimals that consists of 10 038 test particles, we simulate the formation of
distant-comet reservoirs for the first 1 Gyr. Since only the outer part of the Oort cloud can be formed within this period, we analyse
the eﬃciency of the formation process and describe approximately the structure of the part formed.
Methods. The dynamical evolution of the particles is followed by numerical integration of their orbits. We consider the perturbations
by four giant planets on their current orbits and with their current masses, in addition to perturbations by the Galactic tide and passing stars.
Results. In our simulation, the population size of the outer Oort cloud reaches its maximum value at about 210 Myr. After a subsequent, rapid decrease, it becomes almost stable (with only a moderate decrease) from about 500 Myr. At 1 Gyr, the population size
decreases to about 40% of its maximum value. The eﬃciency of the formation is low. Only about 0.3% of the particles studied still
reside in the outer Oort cloud after 1 Gyr. The space density of particles in the comet cloud, beyond the heliocentric distance, r, of
25 000 AU is proportional to r−s , where s = 4.08 ± 0.34. From about 50 Myr to the end of the simulation, the orbits of the Oort cloud
comets are not distributed randomly, but high galactic inclinations of the orbital planes are strongly dominant. Among all of the outer
perturbers considered, this is most likely caused by the dominant, disk component of the Galactic tide.
Key words. comets: general – Oort cloud – solar system: formation

1. Introduction
In the past centuries, many attempts have been made to determine the origin of comets. The modern era of these studies
started in the middle of 20th century, when Oort (1950) provided support to the concept of a distant cometary reservoir that
was gravitationally-bound to the Solar System. At the same time,
he suggested that cometary nuclei formed in the proto-planetary
disk (PPD, hereinafter), and that many were ejected to large heliocentric distances, because of gravitational scattering by giant
planets.
Ejection from the planetary region was further studied by
Safronov (1972) and Fernández (1985), who proposed that
cometary nuclei were delivered to the Oort cloud (OC) by
Uranus and, mainly, Neptune. The internal giant planets, Jupiter
and Saturn, were able to eject the nuclei into the interstellar
space far more eﬃciently than into the distant cloud. The existence of a less distant, inner reservoir was suggested by Hills
(1981), who proposed that this reservoir should be between zero
and 100 times more populated than the outer cloud.
Using direct numerical integrations, the first simulation of
OC formation, starting in the PPD region, was performed by
Duncan et al. (1987, DQT87, hereinafter). Using computational

Movies (cf. caption to Fig. 1) are only available at
http://www.aanda.org

equipment available at the time, they integrated the motion of
comets on initially low-inclined, but already-highly-eccentric orbits. The integration scheme adopted was a generalization of
that proposed by Stiefel & Schiefele (1971) for the restricted
three-body problem with an additional conservative, perturbingpotential. Besides other results, they found that the density profile between 3000 and 50 000 AU is roughly proportional to r−3.5
(where r is the heliocentric distance) and about 20% of comets,
which survive inside the cloud after 4.5 Gyr, reside in the classical OC (semi-major axes, a > 20 000 AU). The directional distribution of the orbits appeared completely randomized after about
1 Gyr of orbital evolution, apart from the most-inner part of the
cloud.
Another simulation of both OC and scattered-disk formation was performed by Dones et al. (2005, DLDW, hereinafter; see also Dones et al. 2004). They assumed more-realistic
initial-conditions, starting the integration of test comets on loweccentric and low-inclined orbits in the planetary region, from 4
to 40 AU. They assumed that the giant planets already had their
current masses and were on their current orbits. They also assumed that the Solar System was situated in a Galactic environment identical to that presently observed, that is they assumed the current frequency value of stellar passages around the
Solar System and present density of Galactic matter in the solar neighbourhood, ρGM . While DQT87 considered the value of
ρGM = 0.185 M pc−3 as determined by Bahcall (1984), DLDW
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P. A. Dybczyński et al.: The simulation of the outer Oort cloud formation

considered ρGM = 0.1 M pc−3 , which is based on Hipparcos
observations. Although DLDW confirmed the overall features
of the scenario described by DQT87, some quantitative diﬀerences were found. They found a shallower slope in the density
profile with index s ≈ 2.8 (s ≈ 1.9 for the inner, and s ≈ 3.7
for the outer OC). It corresponds to another result that the ratio
of the inner and outer cloud populations is about 1:1. In disagreement with observations, they obtained a far larger simulated population in the scattered disk, with respect to the population of the OC, and an original mass in planetesimals, between 4
to 40 AU, that exceeded between 2 and 8 times the mass of solids
in the minimum-mass solar nebula.
The problem of too high a value of mass in the estimated
cometary population was pointed out by Neslušan & Jakubík
(2005), who derived the total mass of the distant cometary reservoir from observations of dynamically new comets in the zone
of visibility. Even in the modern era, these problems have caused
authors to search for alternative origins of comets. Clube &
Napier (1982) and Napier & Staniucha (1982) proposed that
comets formed in giant molecular clouds (GMCs) and were captured by the Solar System during mutual encounters. Another
scenario was suggested by Neslušan (2000), who proposed that
the comets were present in the proto-solar nebula, before its collapse into the proto-sun and its surrounding, nebular disk. These
alternative theories were not widely accepted, because they did
not provide strong evidence that cometary nuclei were formed
in the thin environment of the interstellar clouds. These attempts
highlight the problems, and their significances, that still exist in
the understanding of cometary origins.
We present a new simulation of the formation of the outer
Oort cloud. We perform an extended simulation that is similar to one performed by DLDW, apart from the fact that a
larger number, 10 038, test particles (TPs), and diﬀerent partialassumptions, methods, and procedures, are used. Specifically,
we use the RADAU integrator (Everhart 1985) within the
MERCURY software package (Chambers 1999), in place of
the RMVS3 integrator within the SWIFT package (Levison &
Duncan 1994). Although we use a model of stellar passages near
or through the Solar System that is based on the same observed
frequency as DLDW (the frequency for various stellar types was
published by García-Sánchez et al. 2001), we consider the individual radii of influence spheres for each stellar spectral type.
Almost all of these radii are larger than the radius of the influence sphere considered by DLDW, which was 1 pc. In contrast
to these authors, we do not investigate stellar perturbations by
means of numerical integration, but use improved impulse approximation (Dybczyński 1994). We attempt to improve the description of outer-OC formation, and examine if and how these
diﬀerences influence our results.
Concerning the content of our paper, we introduce the initial
assumptions and methods used in Sect. 2. The regimes of numerical integration of test particles are described in Sect. 3. The
results are given in Sect. 4 and discussed in Sect. 5.

2. The initial configuration
2.1. Initial proto-planetary disk

At the start of our simulation, we assume the existence of a disk
of planetesimals orbiting the Sun. We identify these planetesimals with massless TPs and study their orbital evolution.
The specific assumptions concerning the initial orbital elements of the TPs are the following. The TPs are distributed
within almost circular and co-planar orbits, at heliocentric

distances from 4 to 50 AU. Their average plane is identical to
the invariable plane of four giant planets.
The radial distribution of their number density correlates
with the surface density of the solar nebula, Σ, which was derived to depend on the heliocentric distance r following Σ ∝ r−3/2
(e.g. Morbidelli & Brown 2004). Since we assume almost circular orbits, we can, approximately, identify the distance r with the
orbital semi-major axis of a TP, a. Therefore, the distribution law
for the semi-major axis is assumed to be
N
Na Δa = (2πa)Naoa−3/2 Δa = √ao Δa.
a

(1)

We divide the disk from 4 to 50 AU into (50−4)/Δa concentric
rings. If the number of TPs in the outermost ring, which have a
semi-major axis equal to (50 − Δa/2) AU, is assumed to be N50 ,
then the number Na of TPs with semimajor-axis a is

Na =

50 − Δa/2
N50 .
a

(2)

For Δa and N50 , we choose the values Δa = 0.1 AU and N50 =
14. This implies that we consider, in total, 10 038 TPs.
The distributions of both eccentricity and inclination with respect to the invariable plane of perturbing planets are Gaussian,
centered on zero, with a half-with given by σe = 0.01 and
σi = 0.01 rad, respectively. We therefore model a “cold” disk
that contains bodies that have already settled into the average
plane of disk.
The argument of perihelion, ω, and the longitude of ascending node, Ω, which are both related to the coordinate system that
has an xy-plane identical to the invariable plane of the considered planets, in addition to the true anomaly, f , of the TPs are
distributed randomly, in the entire interval from 0 to 2π rad.
The TPs, that reach the OC, can originate in various source
regions. To characterize the origin of TPs in the outer OC, we
adopt the formal distribution, corresponding to the initial semimajor axis, ao , of the source regions, that is: ao < 8 AU for
the Jupiter region; 8 ≤ ao < 15 AU for the Saturn region;
15 ≤ ao < 24 AU for the Uranus region; 24 ≤ ao < 35 AU for
the Neptune region; and ao ≥ 35 AU for the Kuiper-belt (KB) region. The relative abundances of the TPs considered in these regions are 16.2%, 20.7%, 20.2%, 20.1%, and 22.9%, respectively.
2.2. Planetary perturbations

We assume that the TPs are perturbed by the four giant planets, from Jupiter to Neptune, in addition to other perturbers,
described in the following subsections. We further assume that
these planets maintain their currently-measured masses and
revolve about the Sun in their present orbits (Astronomical
Almanac for 2004, 2002). The planetary perturbations are calculated by numerical integration of the planets, and the TPs, using
the RADAU integrator (Everhart 1985) that is included as part
of MERCURY software package (Chambers 1999). A sophisticated optimization of the integration time-step in the RA15 subroutine reduces the total time needed to complete an integration
to a level that is comparable with fast symplectic integrators. It
is also eﬃcient in the case of close encounters. The TPs that approach a massive body, the Sun or a planet, to a distance closer
than the physical radius of the body are regarded as colliding
with this body and are discarded from further integrations.
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2.3. Galactic-tide perturbation

Over the entire period for which we study the orbital evolution of
the TPs, we assume that the Solar System is situated in a Galactic
environment similar to the current environment. We therefore
assume the current density of the Galactic-disk matter in the solar neighbourhood, a similar frequency of stellar passages and
abundance of individual stellar spectral types, and no massive
interstellar clouds in the vicinity of the Solar System.
Therefore, the Galactic tide (GT) is the dominant outer perturber of the comets at large heliocentric distances. The perturbation by the GT was described well, for example by Heisler &
Tremaine (1986). In the modified heliocentric galactic-Ox y z coordinate-system, in which the x -axis is orientated outward
from the Galactic centre and the z -axis is orientated toward
the South Galactic pole, the vector of perturbing force can be
written as F = (K x x , Ky y , Kz z ), where x , y , z are the rectangular coordinates of the given TP in the modified heliocentric galactic-coordinate-system, and K x = (A − B)(3A + B),
Ky = −(A − B)2, and Kz = −[4πk2ρGM − 2(B2 − A2 )]. Symbols A
and B stand for the Oort constants, ρGM for the mean density
of mass in the solar neighbourhood, and k for the Gauss gravitational constant. In agreement with Levison et al. (2001), we
adopt ρGM = 0.1 M pc−3 and A  −B, whereby A − B = Ωo =
26 km s−1 kpc−1 . In this situation, the second term in Kz component vanishes.
The Ox y z coordinate system rotates on the large timescale
of our simulation. For a numerical integration, it is more suitable to use a strictly-inertial, non-rotating frame. In addition,
we have the advantage that, in such a non-rotating frame, a
transit of the TPs from the planetary to the OC region, and
vice versa, is not problematic. The transformation between the
coordinates in the rotating and non-rotating frames was explicitly given by Fouchard et al. (2005). With the knowledge of the
vector of force F in the Ox y z system, the components of the
acceleration in the non-rotating system Oxyz, which we identify
with Ox y z at the start of the integration, are
aGTx = Ω2o x cos (2Ωo t) + Ω2o y sin (2Ωo t)

(3)

aGTy = Ω2o x sin (2Ωo t) − Ω2o y cos (2Ωo t)

(4)

aGTz = −4πk2 ρGM z,

(5)

where t is the time since the beginning of the integration.
2.4. Stellar perturbations

We consider the stellar perturbations, on comets, due to a set
of stars, at large heliocentric distances. The star characteristics
are modelled using the description of real stellar passages by
García-Sánchez et al. (2001), who divide the stars into 13 characteristic spectral types. For each type, the frequency of passages, the velocity dispersion, and the peculiar velocity of the
Sun relative to the corresponding local standard of rest, are all
given.
Based on the characteristics given by García-Sánchez et al.
(2001) and the typical masses of the considered spectral types
(Gray 1992; Hansen & Kawaler 1994), we estimate a typical
“sphere of influence”, ro,i (in AU), for the ith spectral type (see
Table 1). We take into account the perturbation due to every star
of the ith type, which reaches a minimum distance from the Sun
shorter than ro,i . Calculating the specific sphere of influence, we
attempt, at least roughly, to respect the fact that a perturbation of
the cometary nuclei in the OC, by a more massive star, from a
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Table 1. Some parameters of the considered model of stellar
perturbations.
i
1
2
3
4
5
6
7
8
9
10
11
12
13

Type
B0
A0
A5
F0
F5
G0
G5
K0
K5
M0
M5
WD
gs.

M∗i
13.2
2.4
1.86
1.55
1.32
1.12
0.98
0.82
0.68
0.52
0.27
0.6
2.2

ro,i
1 973 000
803 000
691 000
568 000
482 000
416 000
389 000
384 000
311 000
285 000
204 000
242 000
580 000

N∗i
418
343
434
1168
450
909
1228
1177
1924
2464
6249
983
503

larger distance, can be comparable with a perturbation by a less
massive star passing closer to the OC. In other words, we should
consider each star that provides a significant perturbation to the
orbits of each comet.
Since we consider all comets out to a heliocentric distance
of rout = 105 AU (Sect. 3), we suggest the criterion by which
each star changes the aphelion velocity of a comet on a highlyeccentric orbit (with q = 1 AU and aphelion distance equal
to rout ), on average, by more than roughly about 5% (numerically, more than 0.02 m s−1). We estimate the typical velocity
change, |Δv|, using a procedure developed by Rickman et al.
(2004). In agreement with these authors, we model a sample of
test objects, randomly-distributed on a sphere of radius rout and,
using the classical impulse approximation, calculate the average
impulses |Δv| for a star of given type, with typical mass M∗i
(given in solar masses in Table 1), which transverses the Solar
System in a series of heliocentric distances (from 1.01 × 105 to
2 × 106 AU, step 1 × 103 AU). The distance, that corresponds
to a minimum diﬀerence between |Δv| and the chosen limit
|Δv| = 0.02 m s−1, is identified as ro,i .
The calculated numerical values of ro,i can be seen in Table 1.
The radius of the influence sphere for the most-massive B0-stars
is almost a factor of 10 larger than that of the least-massive
M5-stars. In Table 1, we also indicate the numbers of stars of
a given spectral type, N∗i , that enter the corresponding influence
sphere during a period of 1 Gyr. All of these stars are considered as perturbing stars in our simulation. We consider in total
18 250 perturbing stars.
In our simulation of stellar perturbations, the closest approach to the Sun is experienced by a 0.47 M star, which
reaches a heliocentric distance of 13 320 AU. The strongest perturbation corresponds to a 0.99 M star that has the second closest approach, 13 863 AU. Three very massive stars of spectral
class B0 approach the Sun to within 1 pc: they are 9.85, 15.40,
and 13.13 M stars that approach to a heliocentric distance of
127 429, 167 354, and 182 432 AU, respectively.

3. The numerical integration
According to the first study of OC formation by DQT87, the
OC was formed and the orbits of its comets were completely
thermalized within 1 Gyr. Similarly, in the simulation performed
by DLDW, the population of the outer OC reached its maximum value at a time of about 600 Myr, and the structure of the
cloud at 4 Gyr remains almost similar (although the population
has slightly declined) to that at 1 Gyr. We therefore focus our
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Table 2. The end-states of 10 038 considered TPs.

∗

∗

Region
q < 45 In OOC
In IOC
Ejected
Jupiter
46
3.0
4.6
1387
Saturn
3
3.9
6.3
1797
Uranus
21
7.5
46.8
1577
Neptune
311
8.2
41.9
1393
KB
1088
5.2
19.7
378
The average values from the period 991−1000 Myr.

100

Collided
184
258
345
362
98

90
80
number of particles

∗

70
60
50
40
30
20

4. The outer Oort cloud from our simulation
We adopt two conditions to classify a given TP, in our simulation, as a member of the outer OC: its perihelion distance,
q, must be q > 45 AU (this condition was chosen by DLDW)
and its semi-major axis, a, must be a > 25 000 AU. This limiting value is larger than the conventional value of 20 000 AU
established by Hills (1981) and used often by other authors
in the past. However, astronomers used to consider the value
ρGM = 0.185 M pc−3 of the Galactic-matter density, found by
Bahcall (1984), in the period, when the value of 20 000 AU
started to be considered. Since there is a reciprocal dependence
between ρGM and the heliocentric distance of the border between
the inner and outer Oort clouds, and we consider a lower value
of the Galactic-matter density, ρGM = 0.10 M pc−3 , a larger distance of the border appears to be necessary. Unless a strong stellar perturbation is in action, no TPs with a <
∼ 25 000 AU can
overcome the Jupiter-Saturn dynamical barrier and come to the
zone of visibility within a single orbital revolution (Dybczyński
2006).
4.1. Forming of the outer Oort cloud

All end states of 10 038 considered TPs at 1 Gyr are summarized
in Table 2. We remind that the TPs were situated in various regions (the first column) of the PPD in the beginning of performed
simulation. After 1 Gyr, the specific end-states are: (i) the TPs
still have their perihelion q < 45 AU; (ii) they are moved into
the outer (OOC); or (iii) inner (IOC) Oort cloud; (iv) they are
ejected into the interstellar space; or (v) are destroyed at a collision with one of the considered massive bodies, mostly with the
Sun. Almost all TPs were ejected from the Saturn’s region, during the studied period (see also Fig. 1). A relatively-numerous

10
0
5

10

15 20 25 30 35 40
heliocentric distance [AU]

45

50

Fig. 1. The survival of planetesimals in the Jupiter, Saturn, Uranus,
Neptune, and Kuiper-belt regions of the PPD after 1 Gyr. The
animations of the evolution of this dependence (as well as the dependencies plotted in Figs. 3, 5, 7, 9, and 10) are available at
http//www.aanda.org.

160

OC

140
number of particles

attention on the most important period of the outer-cloud formation and perform our first simulation for the period of 1 Gyr.
Output from the integration is recorded after every megayear. Because of rapid evolution during the first mega-year, we
repeat the integration for this period with the output that is made
after every kilo-year period. The full characteristics of all TPs
that remain integrated are recorded with the positions and velocities of the perturbing planets, in each output. A continuous
integration period begins at the start of each mega-year, or at the
onset of a stellar impulse and ends at the finish of the mega-year
or the onset of next stellar impulse. A given TPs is checked, if it
occurs beyond the limit of 1 × 105 AU, or collides with the Sun
or planet. Each TP that occurs beyond 1 × 105 AU is regarded as
ejected. All ejected and colliding TPs are discarded from further
integrations. The lists of these discarded TPs are written in each
output record.
The integration is performed using GRID computing (see acknowledgements). The input data of 10 038 TPs are divided into
240 parts. Each part is processed by a separate CPU in the GRID.

120
100

inner OC

80
60
outer OC

40
20
0
0

200

400
600
time [Myr]

800

1000

Fig. 2. The evolution of the population of outer OC during the first gigayear. The evolution of the inner-OC as well as whole-OC population is
demonstrated, too.

population of Jupiter’s Trojans is created a short time after the
beginning the simulation and survives, most likely, the entire age
of the Solar System. Relatively large sub-populations, that also
survive, occur in the Neptune and KB regions. The population of
the inner OC is larger than the population of the outer OC. (We
regard a given TP as a member of the inner OC, if its q > 45 AU
and 2000 < a < 25 000 AU.) The ratii of both populations are
not high only for the TPs originating in the Jupiter and Saturn
regions: 1.53 and 1.62, respectively. In particular, the population of the inner cloud appears to originate in the Uranus and
Neptune regions. The corresponding ratii are 6.24 and 5.11, respectively. The ratio of inner- and outer-OC population sizes for
the integrated Neptune+KB region is 4.60 at 1 Gyr.
The evolution of the outer OC population during the studied
period of 1 Gyr is shown in Fig. 2. The population reaches its
maximum size at a time of about 210 Myr after the beginning of
our simulation. From about 500 Myr, only a minute decrease can
be observed.
It appears that the eﬃciency of all perturbers to create the
outer OC is low and the population of this cloud at 1 Gyr consists
of only 29 TPs, i.e. 0.29% of the 10 038 considered TPs. The
slow decrease in the size of the population from about 500 Myr
(Fig. 2) indicates that this population is, almost, in a steady state
and can be expected to be not very diﬀerent at present.
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cumulative distribution function

The formation eﬃciency is much lower than that obtained
by DQT87 and DLDW in their simulations. The discrepancy between the DLDW formation eﬃciency and our own is caused
obviously by one or more diﬀerences between our and their: (i)
model of stellar perturbations; (ii) model of the initial PPD; (iii)
choice of the border between the inner and outer OC; (iv) choice
of the outer border of the studied region, and, perhaps; (v) numbers of considered TPs.
Concerning the first potential reason, our model includes the
more distant passages of very massive stars, which can erode especially the outer OC. On the other-hand side, the random generation of an extremely low number of close passages produced
an unusually-distant closest passage in the minimum-proximity
distance of 13 320 AU. An absence of closer passages certainly
weakens the formation eﬃciency we obtained.
The larger extent of our PPD (reason labelled as (ii), above),
up to 50 AU (DLDW considered the PPD up to 40 AU) cannot
account for the diversity, because our eﬃciency decreases even
more, when we omit the TPs from the region between 40 and
50 AU. Initially, 8559 TPs are situated in 4−40 AU region and 24
of them are in the outer OC at 1 Gyr. It implies that the eﬃciency
is 0.28% for 4−40 AU PPD (in contrast to 0.29% for 4−50 AU
PPD).
Between all of the above potential reasons, we can exclude the third, also for our own and DQT87 results, when
we re-define our border, between the inner and outer OC, to
20 000 AU. At 1 Gyr, the number of the TPs in the more inward,
extended, outer OC is 39.8, (the average number from simulation
times 991, 992, 993,..., 1000 Myr), i.e. 0.40%. DQT87 found
that about 25% of the TPs considered were still surviving, at the
end of their simulation. As far as we noticed, they did not make
any restriction on the perihelion distance of the surviving TPs,
therefore we regard their values as possible maximum values of
the numbers of OC residents. About 20% of the survivors were
in the outer part of the cloud (a > 20 000 AU). This implies
that about 5% of all considered TPs were in the outer OC at
the end of simulation. DQT87 therefore achieved more than one
order of magnitude (cf. DQT87’s value of 5% to corresponding our value of 0.4%) greater eﬃciency in the outer-OC formation. DLDW considered 2000 TPs in a so-called “cold” run,
and 1000 TPs in a “hot” run, and 2.5% and 1.7%, respectively,
of all TPs were found at the end of the simulation to be in the
outer OC. They obtained a lower eﬃciency than DQT87, but one
that was still considerably higher than our own.
The significantly-smaller sphere within which we monitor
the motion of the TPs (reason (iv) above) does not, of course,
contain the TPs that would be outside it, into the outermost region considered by DLDW. It can also be responsible for a decrease in the eﬃciency of outer-OC formation in our simulation,
because the orbital aphelia of some TPs that occur at distances
larger than 100 000 AU can later decrease to below this limit.
It is, however, questionable which border should be considered
to provide the most appropriate description of reality. The system of the closest stars, α Centauri, is situated at a distance of
about 280 000 AU. Other nearby stars are not at significantlylarger distances. Although the dominance of the solar gravity diminishes halfway to the nearest stars, a strong perturbing action
is expected, when a given TP is at a far smaller heliocentric distance, often even below the limit of 100 000 AU. Moreover, we
ignore the perturbations by the giant molecular clouds, which
can significantly erode the cloud, especially at the largest heliocentric distances. Perhaps, a more realistic value would be a
little larger than 100 000 AU. In the observational data (Marsden
& Williams 2003), less than 20% of new comets had an original
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Fig. 3. The cumulative radial distribution of planetesimals after 100 Myr
(dotted curve) and 1 Gyr (solid curve).

semi-major axis that was larger than 50 000 AU, i.e. that had
the aphelia beyond 100 000 AU, in addition to another few hyperbolic comets. Nevertheless, this does not imply that a large
amount of OC comets are beyond our limit, which could account
for the more-than-an-order-of-magnitude diﬀerence between the
DLDW’s and our results.
Another significant diﬀerence between our and DLDW results is the relatively-early maximum, in ≈210 Myr, of the outerOC population in our simulation. It contrasts with the maximum at about 600 Myr, which was found by DLDW. In Fig. 3,
the cumulative radial distribution of comets that have heliocentric distances larger than 100 AU, at 100 Myr and 1 Gyr, is presented. Even at the end of the simulation, some 50% of the
TPs reside within 10 000 AU, while in the DLDW simulation
only 25% were closer than 10 000 AU, after 1 Gyr. This implies
that our results are more consistent with the DQT87 result, for
which the inner part of the cloud was far more populated than
in the DLDW model. There is also a significant diﬀerence in
the median TP distance after the first 100 Myrs: DLDW obtained 1800 AU, while in our results this median distance is only
about 340 AU. This may indicate that our model produces a far
slower eccentricity-evolution than obtained by DLDW.
To reveal the actual cause of the diﬀerences between DLDW
and our own scenarios of outer-OC formation, we would need
to perform additional simulations with modified initial assumptions. Such simulations will be completed in the future. At
the moment, we speculate only that a replenishment in the
population after 210 Myr is too slow to compensate for the
relatively-strong erosion due to stellar perturbations, which are
more frequent and intensive in our model in comparison to those
in the model used by DLDW. While DLDW considered the passages of 13 162 stars during 1 Gyr, on average, our model assumes 18 250 such passages. DLDW also limited the stellar influence to the sphere of radius of 1 pc while in our calculations
there are many more distant encounters included.
We calculate the overall eﬃciency with which a given planet
moves the TPs into the outer OC, regardless of whether the
TPs still reside in this part of the cloud at the end of the simulation, or have been moved away. We find that 13.2%, 21.8%,
27.8%, 28.6%, and 8.6% of the TPs moved into the outer OC
from the Jupiter, Saturn, Uranus, Neptune, and KB regions, respectively (see also Fig. 4). We do not record the individual
ejection events in our simulation, and we therefore are unable
to say which planet ejects a given TP. Such an eﬃciency was,
however, determined by Safronov (1972), who determined the
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Fig. 4. The evolution of the delivery of comets to the outer Oort cloud,
which initially originated in the Jupiter, Saturn, Uranus, Neptune, and
Kuiper-belt regions. The contributions from these regions are illustrated
by red, green, dark blue, violet, and light blue curve, respectively.

ratio of the mass that moved into the OC by the given giant
planet and the total delivered mass. It should be noted that, at
that time, the OC structure was known less accurately and the
term OC was used to refer to a structure now called the outer OC.
According to Safronov (1972), 8%, 16%, 24%, and 52% of the
comets should have been ejected by Jupiter, Saturn, Uranus, and
Neptune, respectively. It is clear that the eﬃciencies with which
Jupiter and Saturn could move the TPs into the outer OC would
be too low to explain our abundances, if the TPs do not radially
migrate. Many TPs originating in the Jupiter and Saturn regions
must have been placed in the outer OC by close encounters with
Uranus and Neptune, after initial orbit enlargements.
In Fig. 4, we show the evolution of the outer-OC partialpopulations that originate in the Jupiter, Saturn, Uranus,
Neptune, and KB regions. At 1 Gyr, the outer OC is mostly populated from the Neptune and, at a slightly lower rate, Uranus
regions. The sub-populations that originate in the other regions
are, however, higher in number that had previously believed.
Specifically, the final (after 1 Gyr) relative abundances of TPs
that originate in the individual regions are 10.8%, 14.0%, 27.0%,
29.5%, and 18.7%, respectively. It is more or less a constant rate
in a given, equal-width interval of heliocentric distance, as indicated by full bars in Fig. 5. Comparing the above figures with
those for TPs that occur in the outer OC for a limited time interval within the investigated 1 Gyr period, it is obvious that Jupiter
and Saturn move some TPs to the outer-OC border-region, where
orbits are not very stable.
In Fig. 4, the contributions from the regions of Uranus (dark
blue curve), and Neptune (violet) increase slowly, reach a maximum, and then decrease moderately after 500 Myr. On the other
hand, the contributions from the Jupiter (red) and Saturn (green)
regions increase sharply in the first mega-year and, from about
1 Myr, stagnate or decrease. The fact, that the sub-population
from the Jupiter (Saturn) region is only about one third (one
half) of that from Uranus or Neptune region, implies a nonnegligible probability that an OC comet formed in the hotter,
Jupiter (Saturn) region of the PPD. In the light of this knowledge, the composition of comet C/1999 S4 (LINEAR), which
corresponds to the Jupiter-Saturn formation region (Boehnhardt
2001; Mumma et al. 2001), is no longer surprising.
Only the contribution to the outer OC from the KB region
(light blue curve in Fig. 4) is, slowly, still increasing at the end
of the simulation. From Fig. 5, we conclude that the fraction
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Fig. 5. The numbers of TPs that moved into the outer OC from the
Jupiter, Saturn, Uranus, Neptune, and Kuiper-belt regions. The full bars
illustrate the numbers of TPs in 0.5 AU-wide intervals of the initial PPD,
which reside in the outer OC at 1 Gyr. The empty bars indicate the TPs
that exist, at least for a short period, in the outer OC.
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Fig. 6. The evolution of the cumulative ejection of comets into the interstellar space.

of TPs in the outer OC, at 1 Gyr, from the KB region, more exactly from its part beyond 40 AU, is relatively large. The perihelia of these TPs have obviously been reduced by the strong
perturbation of Neptune, since the original orbits of the TPs are
situated between the 3:2 and 5:3 mean-motion resonances with
this planet. This region was found by Duncan et al. (1995) to be
highly unstable. Subsequently, the TPs are ejected to large heliocentric distances. The depletion in the ring between about 40
and 42 AU is well observed in Fig. 1. It appears to be meaningful
to choose the outer border of the initial PPD to be at 50 AU.
The cumulative number of the TPs ejected into the interstellar space is shown in Fig. 6. Regardless of whether the TPs,
moved to the outer OC and ejected into the interstellar space,
remain in position or are later moved, the ratii of these TPs
are 0.035, 0.045, 0.065, 0.076, and 0.085, for TPs that originate in the Jupiter, Saturn, Uranus, Neptune, and KB regions,
respectively, according to our simulation. For the integrated
Neptune+KB region, the ratio equals 0.078. Fernández (1985)
determined the ratii of the mass of comets, moved to the
outer OC and ejected into the interstellar space by each giant
planet, resulting in 0.03, 0.16, 1.3, and 2.6, for Jupiter, Saturn,
Uranus, and Neptune, respectively. We must assume that the perihelia of TPs, which are initially in the Uranus and Neptune
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Fig. 7. The distribution of the heliocentric distance of the OC comets (cross-hatched bars) for the times 1 (plot a)), 4 b), 16 c), 63 d), 250 e), and
1000 Myr f). The corresponding distributions of all comets, still bound to the Sun, are also shown (empty bars). In the region r < 10 000 AU, these
distributions are outside of the chosen scale because of a better transparency of the first group of the distributions. If all comets in the given interval
are in the OC, then the cross-hatched bar overlaps the empty bar, which is not visible, in this interval, then. In plot f), our fit of the behaviour in
the interval from 25 000 to 100 000 AU, by the power-law with index s = −2.26, is shown with thick-solid curve and the corresponding fit by the
power-law with DQT87’s index s = −1.5 is shown with the thin-dotted curve.

regions, are reduced, i.e. that radial migration occurs, to explain
the disagreement in the two sequences of values.
A much lower eﬃciency is observed for ejecting TPs into
the outer OC than into interstellar space. The relative ratii are
magnified even more, when we consider the TPs that belong to
the outer OC only at 1 Gyr. The ratii are then found to be 0.0022,
0.0022, 0.0048, 0.0059, and 0.014, respectively. The ratio for the
integrated Neptune+KB region in this case is 0.0076.
4.2. Some notes about the structure of the outer Oort cloud

The evolution of the distribution of heliocentric distance, r, of
the TPs, residing in the OC, is shown in Fig. 7. The plots provide
the distribution for several, selected times (cross-hatched bars),
the last time corresponding to the end of the integration at 1 Gyr.

Some distant TPs have a perihelion that is still in the planetary
region, and cannot be classified as the TPs that are the members
of the OC. In the same plots, we show the radial distribution of
all TPs (as empty bars), to be able to map the distribution of
all TPs, regardless of whether they are or are not in the OC. The
number of low-q TPs is, of course, extremely large in the region
within 10 000 AU. To emphasize the data for r > 10 000 AU,
we choose a 0−28 vertical range, although with this choice the
top of the empty bars, for r ≤ 10 000 AU, are located above the
upper edge of the plot.
The rapid evolution of the inner cloud, out to 25 000 AU, has
not yet ended at 1 Gyr. We therefore do not analyse the structure of this region. In the region between the distances of 25 000
and 50 000 AU, the TPs from both inner and outer OC are situated, while beyond 50 000 AU, only the TPs from the outer OC,
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according to our definition, can be found. Unfortunately, the
number of the TPs in the latter region is statistically small, therefore we cannot correctly describe its radial structure in an analytical form. We therefore describe the structure of the wider region
instead, between the distances of 25 000 and 100 000 AU.
DQT87 approximated the space-density distribution of
comets in the entire OC using the power law
N Δr = Kr−s Δr,

(6)

whereby they found that s = 3.5, approximately. Our data
for 1 Gyr can be fitted to this law with s = 4.26+0.06
−0.04 . In Fig. 7f,
our fit to the number distribution (i.e. with an index s − 2 = 2.26)
is shown with the thick, solid curve, while the corresponding
DQT87’s behaviour (with the index of s − 2 = 1.5) is given by
the thin, dotted curve. Although the structure in the region beyond 25 000 AU evolves less than in the more inner region at
1 Gyr, it is still not perfectly stable. Its radial structure can be
characterized more reliably, if the law (6) is fitted to several output data close to the end of the simulation. The average index
of the slope from fits of 10 sets of data, for 910, 920, 930,...,
1000 Myr, equals s = 4.08 ± 0.34. This averaged value implies
a more centrally-concentrated outer-cloud than the value determined by DQT87, but is roughly consistent, within the determination uncertainty, with that found for the outer OC by DLDW
(s = 3.7).
In more detail, the structure of the OC can be characterized
by the distributions of orbital elements of comets populating this
reservoir. Unfortunately, the eﬃciency, with which all perturbers
create the outer OC, is low, and the small final population of this
cloud does not enable us to study a more detailed structure of the
outer OC.
To determine, at least qualitatively, some features of the
outer OC, we show the evolution in the distributions of semimajor axis, a, in Figs. 8 and 9. In Fig. 8, there are relative
a-distributions for 1, 4, 16, 63, 250, and 1000 Myr. In this figure, we can often see the peak at about 40 000 AU. Another,
lower peak occurs, from time to time, at about 20 000 AU. All
the structures are strongly variable. The variability can be seen
especially in the plots of Fig. 9, where the a-distributions for the
times of 900, 920, 940, 960, 980, and 1000 Myr are shown. The
maximum at ≈40 000 AU quasi-periodically appears and disappears. Two potential reasons appear to explain the variability: a
libration of the perihelion distance due to the Galactic tide and

stellar perturbations. Due to the Galactic tide, the perihelia of
some TPs are reduced below and enlarged up to the defined perihelion border of the OC, at 45 AU. When the perihelion is lifted
above this limit, the given TP appears in the OC. After the decrease in the perihelion, the TP is no longer regarded as a resident in the comet cloud.
However, we can discard this explanation of variability
on the basis of the a-distributions shown in Fig. 9. The
a-distributions of the TPs in the OC are drawn using crosshatched bars and the corresponding distributions of all TPs,
regardless of the position of their perihelion, are drawn using
empty bars. We observe that only few TPs have perihelia below
45 AU (the height of the empty bar slightly exceeds the height
of its cross-hatched counterpart). In the case of the perihelion libration of a significant number of TPs, the height of many more
empty bars would have to exceed the height the cross-hatched
bars. Moreover, only the height of the given cross-hatched bar
could change, while the height of the corresponding empty bar
would have to remain constant. Therefore, the changes in the distributions must be caused mainly by stellar perturbations, which
thus appear to be relatively strong.
In the distributions of angular elements of TPs residing in the
outer OC, we find a stable feature that is illustrated in Fig. 10:
a peak in the distribution of the cosine of galactic inclination on
one side (or both sides) of cos i ≈ 0. The feature appears at about
50 Myr after the beginning of the simulation, and survives until
the simulation end. The same qualitative feature can also be detected in the corresponding distribution of TPs in the inner OC.
It is obviously caused by the action of the Galactic-tide diskcomponent. The comets in the orbits with a very small perihelion
distance (in planetary region) in the minimum of the libration
cycle of this element have, typically, a characteristic galacticinclination behaviour, which approaches, for a long time, the
value of 90◦ ; more exactly, it is slightly lower or slightly higher
than 90◦ . (The behaviour of the angular orbital elements of such
a comet, during about two libration cycles of its perihelion, is
illustrated in Fig. 4b of Neslušan & Jakubík 2005.) Since all
considered TPs are ejected into the OC from the planetary region, their minimum perihelion distance during the libration cycle must be small and, thus, a high galactic inclination can be
expected to be retained for a long period. Some can, later, be
moved to another phase space region by stellar perturbations and
the radial component of the Galactic tide. The apparent existence of a peak in cos i-distribution is proof of the dominance of
the Galactic-tide disk-component among the outer perturbers of
the OC.

5. Summary and discussion
We have simulated the formation of the OC and the accompanying dynamical evolution of the Kuiper belt, for the initial period of 1 Gyr. We considered a PPD model consisting of
10 038 TPs, the perturbations of the four giant planets, moving
in their presently-observed orbits with their present masses, and
perturbations by the Galactic tide and passing stars1 . The inner OC is still found to be forming at 1 Gyr. The properties of
the outer OC, at this time, are given below.
Its population strongly rises during the first mega-year due
to ejections of TPs from the Jupiter-Saturn region (Fig. 4).
However, it immediately decreases and, from few mega-years
1

The electronic form of output data from the numerical integration
of TP orbits, recorded every mega-year of the dynamical evolution, is
available at: http//www.ta3.sk/~ne/OUTER_OC_FORMATION/.
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Fig. 9. The distribution of the semi-major axis, a, of comets in the Oort cloud (cross-hatched bars). Plots a), b), c), d), e), and f) illustrate the
distributions for the times of 900, 920, 940, 960, 980, and 1000 Myr. The corresponding distributions of all comets, still gravitationally-bound to
the Sun, are also illustrated (empty bars). If all comets in the given interval are in the OC, then the cross-hatched bar overlaps the empty bar, which
is not visible, then.

after the beginning, it stagnates until about 300 Myr, from when
it slowly decreases. The sub-populations from the regions of
Uranus and Neptune gradually rise until about 210 Myr, when
they, as well as the entire population of the outer OC, reach their
maximum sizes. Approximately the same number of the TPs
from the regions of Uranus and Neptune reside in the outer OC
in any time during the first giga-year. The sub-population from
the KB region becomes significant in the outer OC after a few
hundred mega-years. Surprisingly, it is comparable with the subpopulation from the Jupiter or Saturn region at 1 Gyr. Because of
its increasing trend, we expect that the outer OC is more populated with bodies from the KB region than the Jupiter or Saturn
region at present, i.e. at 4.5 Gyr.
Although a majority of the bodies, residing in the outer OC
at 1 Gyr, originates in the cool, Uranus-Neptune and, in part,
KB region, the sub-population of bodies that originate in a

hotter, Jupiter-Saturn and, possibly, sub-Jupiter region appears
to be significant. In contrast with older estimates resulting in a
negligible size of this sub-population, the amount of OC bodies
from the Jupiter-Saturn region, according our result, is smaller
only about a factor of three, in comparison with the amount of
bodies originating in the Uranus-Neptune-KB region. The statement, that all (or almost all) OC comets formed in a cool region
of the solar nebula, cannot be regarded precise any longer.
According to our simulation, only about 0.29% of the bodies considered in the 4−50 AU region of the PPD resided in the
outer OC at 1 Gyr. This unexpectedly-low formation rate of the
outer OC and, thus, small number of TPs in this cloud does
not enable a detailed study of its internal structure to be completed, even though the number of all considered TPs is larger
than for any previous study. Only a few details can be discerned.
The radial space-density distribution of TPs in the outer part of
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the OC, beyond 25 000 AU, can be characterized by a power law
with a slope index s = 4.08 ± 0.34, during a short period just
before 1 Gyr. This implies that the outer OC is more centrallyconcentrated cloud than found by DQT87 (s = 3.5), and roughly
the same (within the determination uncertainty) radial spacedensity distribution than found later by DLDW (s = 3.7).
The population of the outer OC in our simulation reaches its
maximum size earlier (210 Myr) than that in the simulation of
DLDW (600 Myr) and, moreover, the eﬃciency of the outer-OC
formation is more than one order of magnitude lower in our simulation. Due to this discrepancy in particular, we cannot draw
any definitive conclusions about the formation scenario of the
outer OC. Other simulations are necessary to clarify which difference or diﬀerences in the initial assumptions could cause the
formation-eﬃciency diversity. It is possible that the diversity can
occur due to the model of stellar perturbations, which includes
the influence of massive distant stars, but does not include extremely close stellar encounters with the Sun. Another possible
reason could be that the model of the initial PPD has a larger
number of TPs and a more distant outer border. We further considered a shorter range of heliocentric distances, in which the
outer OC is situated, with a more distant inner and several times
shorter outer border. The shorter, and probably more-realistic
outer-border of the studied region can in particular reduce the
formation eﬃciency.
Another typical feature of the internal outer-OC structure is
the dominance of high galactic inclinations in the distribution of
this orbital element. This proves that the disk component of the
Galactic tide is the dominant outer-perturber of all considered.
In our work, we focused our attention on the cometary population coming to the OC after the giant-planet formation. Future
simulations of OC formation should include an earlier phase of
this process. During the first ten mega-years, the gas-particle interactions in the PPD and dense primordial stellar-environment

could be important as proposed by Fernández & Brunini (2000)
and Brasser et al. (2006, 2007). At the same time, these future simulations should include the concept of a gradual rise
in planetary masses and migration of the formed giant planets
(Fernández & Ip 1984; Gomes et al. 2005). Unfortunately, a simulation including the interaction between the planetary embryos
and massive TPs requires a large cluster of processors with a
rapid connection enabling parallel computation. This technical
requirement cannot yet be met by many research groups.
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