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Abstract

A previous study showed that a fingerprint of the initial shape of synthetic Oort clouds
was detectable in the flux of “new” long-period comets. The present study aims to explain
in detail how such a fingerprint is propagated by different classes of observable comets
to improve the detection of fingerprints. It appears that three main long-term behaviors of
observable comets are involved in this propagation: (1) comets that remain frozen during
the entire time span and become observable only because of an increase in their orbital
energy at the very end of their propagation; (2) comets whose perihelion distance performs
an almost complete galactic cycle, while their galactic longitude of the ascending node
and cosine of the galactic inclination remain almost constant; (3) comets whose perihelion
distance and cosine of the galactic inclination perform a full galactic cycle, while their
galactic longitude of the ascending node performs a half a cycle. This investigation allowed
us to define four different zones for the previous perihelion distance, in which one or two
of the above long-term behaviors dominate. Considering the distribution of the cosine of the
ecliptic inclination and the galactic longitude of the ascending node at the previous perihelion
distance, for the different zones, several fingerprints of the initial disk shape were highlighted.
Such fingerprints appeared to be quite robust since they were still present considering the
reconstructed orbital elements, i.e., the elements obtained from the original orbit after a
backward propagation over one orbital period considering only the galactic tides.
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1 Introduction

The Oort cloud is the furthest structure of the Solar System with an external frontier extending
to approximately 0.5 pc. Clearly, direct observations of such a structure are difficult to execute.
Our only observable link to the Oort cloud is the flux of long-period comets that reach the
inner part of the planetary region of the Solar System. This flux is precisely what led Jan
Oort (Oort 1950) to his hypothesis of the existence of the cloud. In particular, it was the
accumulation toward zero of the original orbital energy—i.e., the barycentric orbital energy
well outside the planetary region before perihelion—of the known long-period comets that
helped Jan Oort in making his hypothesis. This accumulation was called the Oort peak.

The reasoning of Oort was that the planetary scattering experienced by these comets made
it very unlikely that their orbital energy remained in the Oort peak after the perihelion passage
inside the inner part of the planetary system. In other words, in such a case, these comets
would be ejected from the Solar System or placed on much smaller orbits, and the observ-
able Oort peak would not persist. From these observations, Oort deduced that the comets in
the Oort peak were new, and the Solar System should be surrounded by a cloud of comets
between 10000 and 100000 au. Passing stars should thermalize the cloud, i.e., the cloud
would become isotropic, and the stars would be responsible for the injection of comets into
the observable region.

Owing to the hypothesis of Oort, research has been devoted to the production of the
long-period comet flux. Initially, only passing stars were considered; then, galactic tides
were thought to be dominant, such that passing stars were almost disregarded. However, in
Rickman et al. (2008), it was shown that a synergy is at work between the passing stars and
galactic tides.

All these investigations were, in some sense, related to the problem of the mass of the Oort
cloud. In Brasser and Morbidelli (2013), the flux of long-period comets, relative to that of
Jupiter-family comets, is larger than expected from dynamical models of their source: the Oort
cloud and scattered disk. However, these authors assumed a very large value for the physical
lifetime of Jupiter-family comets. When the more appropriate value was taken in Vokrouh-
licky et al. (2019), this discrepancy was reduced substantially. It was shown in Emel’yanenko
etal. (2013) that the number of Oort cloud comets corresponding to the observed flux of long-
period comets is consistent with that of scattered disk objects corresponding to the flux of
Jupiter-family comets.

Regarding the structure of the Oort cloud itself, most of our knowledge originates from
numerical simulations from which hypotheses are made concerning the formation process
of the Oort cloud. According to Jan Oort, the Oort cloud was isotropic as a consequence of a
formation process involving stellar encounters. Later, Hills (1981) developed a model of the
flat inner core of the Oort cloud.

In Duncan et al. (1987), the model of the formation from planetary scattering was con-
structed. They concluded that the Oort cloud should have an inner edge at approximately
3000 au, beyond which the cloud is isotropic. Dones et al. (2004) improved this simulation
showing that the Oort cloud should be composed of an inner flat part along the ecliptic plane
and an outer part that could be considered as isotropic. The threshold was set at approximately
5000 au.

More recent simulations showed that starting from a flat disk, after 4 Gyr the Oort cloud
is isotropic only in the more distant region. It is stressed in Emel’yanenko et al. (2013) that at
semimajor axis a < 6000 au, the Oort cloud still assumes a strongly flattened structure; how-
ever, by a > 8000 au, external perturbations have transformed it to be reasonably isotropic.
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Fouchard et al. (2017, 2018) found that the Oort cloud is isotropic beyond 10000 au, and the
innermost part that is still close to the ecliptic is found at less than approximately 2500 au
(for the semimajor axis).

An alternative scenario for the formation of the Oort cloud is that the cloud was formed
by stellar encounters when the Sun was still in the cluster where it was born. Regarding the
original idea of Oort, such processes produce an Oort cloud for which dispersion with respect
to the ecliptic occurs for a semimajor axis, ranging from a few hundred to a few thousand
astronomical units, according to the embedded cluster density (Kaib and Quinn 2008; Brasser
et al. 2006).

It is clear that since Oort, very little advancement has resulted from the use of observ-
able data in gaining knowledge regarding the Oort cloud structure and, hence, its formation
process.

In Fouchard et al. (2018), considering two extreme proto-Oort clouds, one fully isotropic
and the second aligned on the ecliptic, the distributions of the original orbital elements of the
long-period comets were observed to be very similar, at least from a qualitative perspective.
However, it was also observed that a memory of the initial shape of the Oort cloud persists
throughout the propagation of the comets. We found that the memory is seen in the distribution
of the orbital elements at the perihelion passage preceding that in which the comets are
considered to be observable.

The present paper aims to illustrate in detail how observable “new” long-period comets
can be used to detect the presence of a disk of objects up to a few thousand astronomical
units and how such a fingerprint can be related to the initial shape of the Oort cloud.

The main aspects of the dynamics and formation of the Oort cloud are briefly presented
in Sect. 2. Our simulations and the detailed analysis of the flux of observable comets are
discussed in Sect. 3. Finally, the conclusions are provided in Sect. 4.

2 The Oort cloud
2.1 Dynamics

For Jan Oort, the comets in the Oort cloud could become observable under the action of
passing stars. It was also this idea that led Opik (1932) to propose the existence of a cloud
of comets around the Solar System. However, Opik did not consider that the cloud could
become consequently the origin of long-period comets under the action of passing stars.

Then, in the 1980s, galactic tides came to be considered the main mechanism for transport-
ing comets from the Oort cloud to the inner part of the planetary system. Because observations
showed evidence of the role played by the galactic tide (Delsemme 1987), the role of passing
stars was downplayed. The role of stars was then reduced to the production of cometary
showers caused by a very close encounter of a star with the Sun. During such an event, the
star would then be able to inject comets to near-Earth space from the inner part of the Oort
cloud, i.e., comets with semimajor axis less than 10000-20000 au from the Sun.

Wiegert and Tremaine (1999) performed the first detailed investigation on the flux of long-
period comets coming from the Oort cloud, considering planetary scattering and galactic tides,
i.e., neglecting passing stars. The main scope of the paper was to tackle the fading problem of
comets, i.e., the lack of “old” long-period comets. The problem is characterized by a dearth of
long-period comets outside of the so-called Oort peak (i.e., long-period comets with smaller
semimajor axes) compared with “new” comets, that is, comets inside the Oort peak. They
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managed to propose a fading law similar to that of Whipple (1962), successfully matching
the observed result. Their finding regarding this fading law remains the most accurate until
now (Vokrouhlicky et al. 2019).

However, Rickman et al. (2008) have shown that passing stars are crucial when considering
the long-term dynamics of Oort cloud comets. Indeed, a synergy between galactic tides and
passing stars is at work. The galactic tides generate dynamics that is quasi-integrable; hence,
for a comet in the Oort cloud, one can know from the beginning whether this comet can reach
the observable region, i.e., less than 5 au from the Sun, or not. The region containing such
observable comets is analytically defined and has been called the Tidal Active Zone (TAZ)
in Fouchard et al. (2011). Without the influence from stars, the TAZ gets depleted in approxi-
mately 2 Gyr, and the flux of observable comets reaches an anemic level. Including the effect
of the stars, the TAZ remains filled at approximately 80%, as the background stars guarantee a
constant flux, even at 5 Gyr. However, a single massive star is able to completely fill the TAZ,
generating an increase in the flux of approximately 20% for several hundred million years.

In Fouchard et al. (2007), passing stars were shown to contribute to the flux of observable
comets during the last orbital period of the comets. That is, considering only the galactic
tide, a comet could be directly injected into the observable region, i.e., its perihelion distance
could jump the so-called Jupiter—Saturn barrier, if its semimajor axis was larger than approx-
imately 24000 au. The contribution of stars decreases this threshold, and comets exhibiting
a semimajor axis of approximately 20000 au could also jump the barrier.

Clearly, the above process considers only background stars. However, it is well known
from Hills (1981) that a rare but very close stellar encounter can produce a comet shower,
which can cause a significant increase in the flux of observable comets. In this case, even
comets with semimajor axes much smaller than 20000 au (the inner Oort cloud) can be
observed.

2.2 Formation

The main models of the Oort cloud formation are based on the assumption that comets are
residuals left after the formation of planets. Ferndndez (1980) and Fernandez and Ip (1981)
showed that bodies starting out in the outer planetary region can evolve under the combined
action of planetary and stellar perturbations into Oort-cloud-type orbits. Then, Duncan et al.
(1987) investigated the problem of the formation of the Oort cloud in more detail, adding
galactic perturbations. To save computing time, DQT87 began their simulations with comets
on low-inclination but highly eccentric orbits in the region of the giant planets. Dones et al.
(2004) repeated the study of DQTS87, starting with comets with semimajor axes between
4 and 40 au and initially small eccentricities and inclinations. Emel’yanenko et al. (2007)
investigated a broadly similar model but with more eccentric initial orbits, motivated by the
orbital distribution in the scattered disk. They found that there is no sharp boundary between
the Oort cloud and the trans-Neptunian zone. The family of trans-Neptunian objects, moving
along high-eccentricity orbits, is a mixture of the objects residing here over the lifetime
of the Solar System and the objects visiting the Oort cloud during their dynamical history
(Emel’yanenko et al. 2007, 2013).

Fernandez (1997) and Fernandez and Brunini (2000) studied the formation of the cloud
while the Solar System was still in the stellar cluster into which it was born. Such formation
processes have been further developed, considering a more realistic cluster, as an embedded
cluster was invoked to produce an object such as Sedna (Brasser et al. 2006, 2008; Kaib and
Quinn 2008).
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Being even more realistic, Brasser et al. (2007) considered that because the lifetime of the
cluster is shorter than that of the gas disk in the Solar System, the gas drag on small bodies
also needs to be considered. Such a drag does not affect large objects such as Sedna, but
does make it very difficult to place cometary-sized objects in a proto-Oort cloud. In addition,
whereas the above process produced an inner shell, i.e., at less than 1000 au to the Oort cloud,
quite easily, it was very difficult to produce an Oort cloud that extended beyond 10000 au,
even in four billion years.

Consequently, the Oort cloud beyond 10000 au seems to have been formed after the gas
dissipation. Then, the Nice model (Tsiganis et al. 2005) showed that a late migration of the
giant planets is a natural consequence of the presence of a massive planetesimal disk beyond
the young giant planets that had just formed. Such a migration would occur after the gas
dissipation; then, it would be possible to build an external Oort cloud in this second step in an
efficient way. This second step has been modeled in Brasser and Morbidelli (2013); Nesvorny
et al. (2017) and Vokrouhlicky et al. (2019) to deduce the final flux of observable comets for
the three main different families: long-period, Jupiter-family, and Halley-type comets.

Consequently, it seems that both the stellar cluster and giant planets, with the help of
the migration process, have contributed to the formation of the Oort cloud. However, it
is difficult to evaluate the exact role of each process. In the cluster, the directions of the
encounter velocities between the Sun and other stars are isotropic. Consequently, actions
on the planetesimal disk would serve to increase the inclination of the objects. Higuchi and
Kokubo (2015) showed that the timescale to obtain an isotropic distribution in e, i, and @
by stellar perturbations is similar to that for the lifetime of the Oort cloud (the timescale
for ejection), although the timescale that the inclination distribution requires to relax is
approximately three orders of magnitude shorter. As such, the comets that would be placed in
the inner shell of the Oort cloud would also have large inclinations. The larger the inclination
is, the weaker the scattering by the giant planets would be during their late migration.

Nordlander et al. (2017) showed that to dissipate quickly, the initial cluster should not
have been too dense. Thus, it seems that for the two-step formation process to work well,
the stellar cluster where the Sun was born should have a low density of stars, and this is
required to explain the presence of objects like Sedna. Meanwhile, the Oort cloud itself is
mainly produced by perturbations of the giant planets. In this hypothesis, the Oort cloud
should contain a fingerprint of this formation process, that is, the presence of an Oort disk.

Consequently, the detection of any fingerprint of the presence of an Oort disk will give us
a hint regarding the processes that were in operation during the formation of the outermost
part of the Solar System. Such a fingerprint should be detected in the data available from the
sample of observable comets. Fouchard et al. (2018) showed how a memory of the initial
shape of the Oort cloud can be kept throughout the transport of comets until the comets reach
the observable region. In the present study, we focus on the detection of the fingerprint of an
Oort disk, using the same data as in Fouchard et al. (2018).

3 Observable comets
3.1 Simulations
Our analysis is restricted to the sample of comets for which the original semimajor axis is

larger than 10* au and with a perihelion distance smaller than 5 au. For such comets, fading
can be neglected because the probability of ejection from the Oort spike when the perihelion
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is smaller than 5 au is higher than 80%, and for a perihelion smaller than 3 au, it is higher
than 90% (Fouchard et al. 2013).

Our working samples come from the simulations performed in Fouchard et al. (2018).
In this study, we performed the propagation of two different proto-Oort clouds for 4.5 Gyr
under the influences of the Galactic tides, passing stars, and planets. The different sets were
as follows:

— Disk-like proto-Oort cloud, named the disk model: Uniform distributions were used for
orbital energy z; = —1/a; for semimajor axis a; between 500 and 20000 au, with the
perihelion distance g; between 3 and 50 au, ecliptic inclination ig; between 0° and 20°,
and the ecliptic argument of perihelion wg;, longitude of the ascending node Q2g,, and
mean anomaly M; all between 0° and 360°. The total number of objects for this set is
13428570.

— Isotropic proto-Oort cloud, named the isotropic model: Apart from eccentricity e;, which
has a law of distribution proportional to e de, with a perihelion distance g; greater than
15 au, all the other following quantities are drawn from uniform distributions: orbital
energy z; for semimajor axis a; between 500 and 50000 au, cos ig; between —1 and 1
where ig, is the galactic inclination, and the galactic argument of perihelion wg; , galactic
longitude of the ascending node 2g;, and mean anomaly M; all between 0° and 360°.
For this set, the total number of objects is 20307700.

The comets are injected randomly into the proto-Oort cloud with an initial time between
0 and 250 Myr. Then, five final snapshots separated by 250 Myr between 3.5 and 4.5 Gyr are
considered. After each snapshot, a “quiescent” propagation lasting 30 Myr takes place, where
all stars that might have produced a cometary shower are removed. A comet is observable if
its first passage at perihelion after the end of the quiescent period is at less than 5 au. More
details concerning the simulations can be found in Fouchard et al. (2018).

Considering the original orbital elements at the previous perihelion passage before a
comet becomes observable, these comets can be classified into four classes, namely jumper,
creeper, KQ (Kaib—Quinn) jumper, and KQ creeper, with the following definitions: A comet
is considered a jumper if it was beyond 10 au at the previous perihelion passage; otherwise,
it is a creeper. In addition, it is a KQ comet if its original orbital energy increased by more
than 10~ au™! between the previous perihelion passage and the perihelion where the comet
is observable.

Distinguishing among these four scenarios in which a comet becomes observable became
necessary from both observations and numerical experiments. Indeed, historically, it was first
considered that for a comet to be observable, its perihelion distance had to jump the so-called
Jupiter—Saturn barrier. This barrier is the region where the typical perturbation originating
from the giant planets is higher than the orbital energy of the Oort cloud comets, such that the
comets passing through this region are likely ejected from the Oort cloud. This observation
was already made by Oort and led him to conclude that many long-period comets were “new.”

The Jupiter—Saturn barrier is mainly defined by the perihelion distance and is usually
considered to be a value between 10 and 15 au (Fernandez 1981; Duncan et al. 1987).
However, it appears from both simulations (Fouchard et al. 2017, 2018; Vokrouhlicky et al.
2019) and observations (Dybczyriski and Krélikowska 2011) that approximately half of the
observable (or observed) comets passed inside the Jupiter—Saturn barrier at their previous
perihelion.

Consequently, a significant part of the observable comets did not jump the barrier but
rather had their perihelion creep across the Jupiter—Saturn region.
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Kaib and Quinn (2009) showed that for a majority of observable comets, their orbital
energy received a kick from the planetary perturbations at the previous perihelion passage,
increasing their orbital energy. This kick was crucial for observability because it made the
effect of the galactic tides stronger, such that the perihelion distance could reach the observ-
able region in a single orbital period.

The statistical properties of these four different classes are significantly different (Fouchard
et al. 2018). Here, their main properties are presented, considering the original orbital ele-
ments at the perihelion where the comets are observable.

— Jumper: No preference between prograde and retrograde orbits with a nearly flat galactic
longitude of the ascending node. These comets come from the outermost part of the cloud
with a median original semimajor axis of approximately 36500 au.

— KQ jumper: A preference for prograde orbits, 58% and 66% for the disk-like and isotropic
models, respectively. The original semimajor axis is still quite large, i.e., a median value
of approximately 30000 au.

— Creeper: Preference for retrograde orbits (68% and 72% for the disk and isotropic mod-
els, respectively) and a much smaller original semimajor axis with median values of
approximately 18500 au and 16000 au, respectively.

— KQ creeper: As with creepers, a significant preference for retrograde orbits (56% and
67%, respectively) at a moderate original semimajor axis (median value of approximately
22000 au for both models).

However, if different classes of comets have different statistical properties, Fouchard
et al. (2018) suggest that these properties of the current orbits would be quite independent
of the model used: disk or isotropic. The detection of a “memory” of the initial shape was
much easier considering the original orbital elements at the perihelion passage preceding the
perihelion where the comets are observable.

Thus, the present study aims to optimize a method to highlight the signature of the initial
and/or present shape of the Oort cloud. Because we are mainly interested in the signature
of an initial disk, we now focus on the disk model. In addition, in Fouchard et al. (2018),
KQ creepers and creepers appear to share almost the same properties; hence, for simplicity,
we merge these two classes. From now on, if not specified, the orbital elements of a comet
always refer to the original orbital elements at the previous perihelion passage before the
comet is observable.

3.2 Long-term behavior of observable comets for the disk model

We wish to understand in detail how the “memory” of the proto-disk shape is propagated
until the comets become observable. We consider the long-term evolution of comets for the
age of the Solar System. For such an investigation, in the simulations made in Fouchard et al.
(2018), the positions of all comets have been stored every 250 Myr from r = 0 yr.

After an investigation of the data, five long-term behaviors have been identified:

B1: The perihelion distance and ecliptic inclination remain almost constant during the
entire integration, except at the very end when the perihelion distance decreases
abruptly to reach the observable region.

B2: The ecliptic inclination and the galactic longitude of the ascending node are nearly
constant, whereas the perihelion distance performs an almost full galactic cycle until
it returns to the planetary region just before becoming observable.

B3: The perihelion distance and the galactic inclination perform a full galactic cycle,
whereas the galactic longitude of the ascending node performs a half period.
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B4: More than one perihelion distance cycle is performed.
BS5: All remaining cases.

Clearly, the first three long-term behaviors are strongly related to the evolution of a sig-
nature of an initial disk shape. B1 and B2 are more typical of KQ jumpers as the ecliptic
inclination is almost constant during the entire time span, and as is well known, KQ jumpers
have a preference for prograde orbits.

However, B2 long-term behavior is dynamically very different from that of B1. In
particular, B1 long-term behavior corresponds mainly to relatively stable orbits, and B2
long-term behavior corresponds to comets for which the perihelion cycle is close to the
separatrix between the librating and circulating motion of the galactic argument of the perihe-
lion (Heisler and Tremaine 1986; Higuchi et al. 2007). For such orbits, the galactic longitude
of the ascending node and the galactic inclination appear to remain mainly constant during
the entire perihelion cycle, except when the perihelion distance passes through its minimum.
However, the galactic longitude of the ascending node does experience a small decrease for
comets close to the ecliptic plane (Higuchi et al. 2007).

The B3 behavior is explained by the following. The galactic inclination and galactic
argument of the perihelion exhibit the same period cycle as the perihelion distance (Heisler
and Tremaine 1986). However, the period of the galactic longitude of the ascending node Qg
is approximately twice this period (Higuchi et al. 2007). Thus, starting from an orbit aligned
with the ecliptic, after one full cycle of the galactic inclination, g has performed only half
of a cycle. This implies that for such an orbit, the ecliptic inclination would be approximately
2n, where 7 is the inclination of the galactic plane with respect to the ecliptic. Hence, after
one full cycle of the perihelion distance, the ecliptic inclination is approximately 120°, which
is a favorable ecliptic inclination for creeper comets.

The B4 behavior is typical of a high semimajor axis, whereas B5 represents unclassifiable
behaviors.

Numerically, the identification of these behaviors was not easy; nevertheless, the following
strategy has been optimized empirically. Indeed, because of the passing stars, we cannot
assume that the quasi-integrability of the action of the galactic tides applies to any particular
property. Thus, the focus is placed on the main characteristics of each behavior. First, we need
to detect when a galactic cycle of the perihelion distance has been accomplished. For the disk
model, initially, the perihelion distance is near its minimal value with an eccentricity greater
than 0.9. A cycle is achieved when the eccentricity reaches a minimum and then returns to
a maximum. However, to detect only significant cycles, thresholds had to be placed on the
extremal values of the eccentricity, i.e., the minimum should be smaller than 0.89 and the
maximum should be higher than 0.91.

Thus, B1 corresponds to the absence of a galactic cycle, and the orbit always remains
prograde; otherwise, if some cycles have been detected and the orbit is always prograde,
then it is classified as a B2 long-term behavior (usually only one cycle is detected). If one
and only one shift from prograde to retrograde has been detected, then it is a B3 long-term
behavior (again, usually one perihelion cycle is evident). For all other cases, if at least two
perihelion cycles have been detected, then it is a B4 long-term behavior; otherwise, it is a BS
long-term behavior. Note that the original orbital elements when the comet is observable are
not considered for the determination of long-term behaviors. Indeed, during the last orbital
period, abrupt changes in the orbital elements may occur, leading to missed detection of the
long-term behavior.

The different long-term behaviors are illustrated in Fig. 1.
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Fig. 1 Long-term evolution of observable comets. The time is given in million years before the time of
observation. The open circles correspond to the initial position, the downward filled triangles correspond to
the original orbit at the perihelion preceding the observation, and the filled squares correspond to the original
orbit when the comet is observable. The evolution is given by one point every 250 Myr. For each panel, from
top to bottom, the evolution versus time of the semimajor axis (dashed line) and perihelion distance (full line)
is displayed on the first plot, the galactic longitude of the ascending node on the second plot, the cosine of the
ecliptic inclination cos ig on the third plot, and on the bottom plot, the evolution of the perihelion distance
with respect to the galactic argument of perihelion. The boldface letter above each panel refers to a long-term
behavior described in the main text

3.2.1 Initial and final location according to the long-term behavior

The location of observable comets with B1, B2, or B3 long-term behaviors both initially and
at the previous perihelion before the comets are observable should be considered. Figure 2
shows the distribution of the perihelion distance ¢ and cos ig for these two instants and the
position of the comets in the (g, cosig) plane for the three different behaviors.

With regard to B1 long-term behavior, most of the comets exhibiting this behavior initially
had a perihelion distance beyond 40 au, where the classical Kuiper belt is located. In fact,
B1 long-term behavior is characterized by the less dynamically evolved comets. Even at the
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Fig.2 For each panel, the distribution of the perihelion distance is shown in the upper plot, and the distribution
of cosig is shown in the right-side plot. The central diagram shows the position of the observable comets in
the (g, cosig) plane. The open black circles are for initial parameters, and the filled gray squares represent
previous perihelion parameters. B1, B2, and B3 above each panel refer to the long-term behavior considered

previous perihelion distance, these comets have the smallest inclinations, typically smaller
than 25°, and greatest perihelion distances, with the maximum of the distribution between
15 and 20 au.

Comets with B2 long-term behavior are in a significantly different place. Indeed, the
maximum of the distribution of the initial perihelion distance is located just beyond Neptune.
They are also more evolved with an ecliptic inclination at the previous perihelion ranging over
the entire range of prograde orbits (by definition); however, most have inclinations between
25° and 60°.

B3 long-term behavior corresponds to the most evolved case. While their initial perihelion
distances show a preference for values between 35 and 40 au, the distribution of the ecliptic
inclinations at the previous perihelion spans over all retrograde orbits (again by definition)
but with a preference for ig close to 120°. The perihelion distance at the previous perihelion
is almost always smaller than 10 au.

3.2.2 New definitions of the classes of long-term behaviors

First, we see how each class of comets is distributed among the different long-term behaviors.

The proportion of each long-term behavior is given in Table 1. In addition, for each long-
term behavior and class, a mean orbital energy z,, of approximately 530 Myr before a comet
is observable is computed. For clarity, the last column of the table gives the semimajor axis
that corresponds to z,, i.e., dy = —1/2p.

Clearly, B1 long-term behavior is characterized by a very small semimajor axis (approx-
imately 1000 au), which explains why these comets evolved so weakly within the time span
of approximately 4 billion years. It is well known that the perihelion cycle is related to the
orbital energy of the comet (Breiter and Ratajczak 2005; Higuchi et al. 2007). In particular,
the minimal period cycle is given by

b4

 25kpo P’

where k is the universal gravitational constant, pg, is the density of the galactic disk in the solar
neighborhood, and P is the Keplerian period of the comet. At @ ~ 1000 au, this minimal
value is approximately 50 Gyr, much longer than the age of the Solar System. Thus, Bl
comets were frozen from the beginning and became observable only because of dynamical
processes at work at the very end of their evolution. In particular, the increase in the orbital
energy helps the tides to inject the perihelion distance inside the observable region.

Py
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Table 1 For each class of

observable comets, the number N Proportion (%) am = —1/2m

oo ol ard PN umpers 959 comets My

long-term behaviors stated in the Bl 15 25 976.9

first column are shown B2 11 1.6 5021.2
B3 71 10.1 4330.6
B4 635 75.5 30221.6
BS 104 10.3 13094.2
Creepers (97.5 comets Myr_l)
Bl 13 4.0 1121.7
B2 67 20.3 7068.2
B3 108 35.8 7621.5
B4 95 32.6 18800.0
BS 24 7.3 10466.8
KQ jumpers (97.5 comets Myr_l)
B1 100 26.6 979.4
B2 98 334 6545.0
B3 19 6.7 9888.0
B4 87 28.2 15683.0
BS 15 5.1 11313.7

The last column gives the semimajor axis in au corresponding to the
mean orbital energy of the comets in each subset. The observable flux
of each class is also given

The comets with B2 long-term behavior are such that a,, &~ 7000 au for the creepers
and KQ jumper classes. This corresponds to a minimum period of the perihelion distance
cycle equal to 2.7 Gyr. Clearly, these comets are more evolved than comets with B1 long-
term behavior. In fact, with this value as a minimal value, it is clear that these comets have
performed a full galactic perihelion cycle. Similar values are evident for the creepers with
B3 long-term behaviors.

Comets with the B4 long-term behavior have a semimajor axis of at least 15000 au (for the
KQ jumpers) and yield a minimum period of the perihelion distance cycle equal to 0.8 Gyr.
Clearly, in this case, several cycles are allowed.

As already mentioned, only B1, B2, and B3 are long-term behaviors related to the initial
disk shape of the Oort cloud. As presented in Table 1, B1 and B2 are typical of KQ jumpers,
whereas B3 is typical of creepers.

Consequently, we would like to maximize the influence of B1 and B2 for the KQ jumper
class and the influence of B3 for the creeper class. The only parameter we can change is the
limiting value of the perihelion distance used to define the creepers. Thus far, this value is
taken to be equal to g = 10 au. Figure 3 shows the evolution of the proportions of B1+B2
and of B3 in creepers and KQ jumpers, versus g., with g, ranging from 5 au to 21 au.

From this figure, the proportion of B3 long-term behaviors is maximal among the creepers
for g. = 7 au, and the proportion of B1+B2 long-term behaviors is maximal among the KQ
jumpers for g = 13 au. These maxima correspond to the minima of B2+B3 and B1 long-term
behaviors, respectively.

Using these data, we can make new definitions for the classes. Let g, be the perihelion
distance at the perihelion preceding the observation of a comet and Az be the variation of

@ Springer



43 Page120f22 M. Fouchard et al.

80 T T T T T T T T
creepers B1 B2 = -
creepers B3 ——
70 - KQ Jumpers B1 B2 h
KQ Jumpers-B3
60 -
50 =
2
Q 40
o
—
Q
30
20
10 - -
o 1 1 1 1 1 i 1 1
6 8 10 12 14 16 18 20
Qjim (au)

Fig. 3 Proportion of comets with a specific long-term behavior for the creepers and KQ jumpers versus the
threshold limit g, used to separate the two classes. The meaning of each line is given in the upper right key

Table 2 Same as Table 1 but for
the new definition of creepers,
KQ creepers, and mixed class of

N Proportion (%) am = —1/zm

Creepers (56.3 comets Myrfl)

comets
BI 4 29 1031.9
B2 18 12.9 7564.6
B3 58 39.9 7423.1
B4 47 35.7 19,080.8
BS 14 8.6 10,558.5
KQ jumpers (32.1 comets Myr*' )
Bl 84 38.6 934.7
B2 45 26.4 8675.8
B3 2 1.0 4066.4
B4 53 30.4 15,854.4
BS 7 3.6 16,875.0
Mixed (76.1 comets Myr*])
Bl 28 8.0 1252.6
B2 104 31.6 6146.3
B3 77 23.8 8387.9
B4 103 30.3 18,673.7
BS 21 6.3 8063.7

the original orbital energy between these two perihelion passages. If g, < 7 au, then the
comet is a creeper; if g, > 13 au, then it is a jumper, and if Az > 1073 au™!, then it is a
KQ jumper. Comets with 7 < g, < 13 au belong to a new mixed class. From now on, we
consider these new definitions for the observable comet classes.

Table 2 presents the proportion of long-term behaviors in creepers, KQ jumpers, and mixed
classes of comets. The numbers of comets in each class are lower; however, the proportion of
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B3 (resp. B2) long-term behaviors among creepers (resp. KQ jumpers) is higher than before.
For the mixed class, one notes that B2 long-term behavior dominates, with a significant
proportion of B3 long-term behaviors.

3.3 Fingerprints

Figure 4 shows the distribution of Qg » and cos IE,» where Qg » and ig, are the galactic lon-
gitude of the ascending node and ecliptic inclination at the previous perihelion, respectively,
for the jumpers, creepers, KQ jumpers, and mixed class comets for our two different models.
The position of each observable comet in the (Q2g ,+ COSIE p) plane is also shown.

The following observations can be made from Fig 4:

— The jumper classes are very similar for both the disk and the isotropic models. The
observable comets are almost uniformly spread along the i = 90° line, where ig is
the galactic inclination. As explained in “Appendix B,” this is expected because at the
previous perihelion, the perihelion distance is strongly decreasing, which means that the
strength of the tides is high; thus, sinig, is close to unity.

— The situation is different for the creeper class. For both models, creepers have a preference
for retrograde orbits. This was already observed in previous studies (Fouchard et al.
2017, 2018), and it is easily explained by the simple fact that creepers have to avoid
being scattered by Jupiter or Saturn. This should naturally produce a maximum of the
cosig, distribution at approximately -1, as observed for the isotropic model. However,
this maximum is approximately at -0.5 for the disk model. This is precisely the expected
preference value when a significant proportion of comets have B3 long-term behavior.

— For the KQ jumpers, it is more difficult to disentangle what is related to the class of
the comets and what is related to a fingerprint of the initial shape. Indeed, for both the
disk and isotropic models KQ jumpers have a preference for prograde orbits. However,
this preference is much stronger for the disk model with 64% of the comets having
cosig, > 0.75, whereas 45% of comets for the isotropic model satisfy this condition.
In addition, because the KQ jumpers class for the disk model contains mainly B1 long-
term behaviors, that class corresponds to poorly dynamically evolved comets with 79%
of the comets satisfying the condition €2, € [135°,225°], whereas this proportion is
approximately 55% for the isotropic model.

— The case of the mixed class is interesting. Indeed, for the disk model, one clearly sees the
effect of B2 long-term behavior, which is very similar to the signature of B1 long-term
behavior in the KQ jumpers but for more-evolved comets. Consequently, the distribution
of Qg » is more spread toward lower values, and the maximum of the cos ig » distribution
is between 0.5 and 0.75 and, hence, detached from the ecliptic plane. In addition, the
influence of B3 long-term behaviors is also evident with a second maximum of the cos ig,,
distribution at approximately —0.5. On the €2, distribution, €2g,, is mainly spread in
the [0, 180°] range. These features are directly related to the initial shape and are not
present for the isotropic model. Indeed, the only clear feature that is still detectable in
the distributions is the preference for retrograde orbits, which is related to the minimum
of the Qg,, distribution around 180°.

Consequently, the fingerprints of the initial shape are clearly seen in the different distribu-
tions obtained from the observable comets. However, we are here in the best situation where
all the necessary data have been stored during the numerical propagation of the comets. What
happens now when this is not the case?
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Fig. 4 Position of the observable comets in the (QGP’ COSiE p) plane and distributions of Qg
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panel) and cos ig » (right side of each panel), where Qg P and cos ig A are the galactic longitude ofp the ascending

node and ecliptic inclination at the previous perihelion. From top to bottom, the panel represents jumpers (in
red), new creepers (in blue), new KQ jumpers (in orange), and mixed class (in violet). The left column is
for the disk model, and the right column is for the isotropic model. The gray area is a forbidden region, and
the black curve corresponds to ig = 90°, where ig is the galactic inclination (see “Appendices A and B,”
respectively, for details)
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3.4 Fingerprints with reconstructed orbits

A double problem arises when one has to deal with real data. In our simulations, the original
orbital elements at the previous perihelion are just stored during the propagation. Thus, it
is easy to determine the class of an observable comet. When one considers real data or
data originating from other simulations, one does not have access to the previous orbital
elements. The second problem is that the uncertainties on the original orbital elements of
known comets may be large, in particular for the original orbital energy, which plays a key
role in the determination of the previous perihelion distance.

It is not within the scope of the present paper to handle real data and evaluate how these
uncertainties can affect the results. Such uncertainties are very comet and catalog dependent.
Hence, the strategy we use to work with real data is postponed to a forthcoming paper.

Regarding the first problem, the only possible strategy to overcome this is to perform a
backward integration from the original orbit of the observable comets over one orbital period,
considering only the galactic tides. The orbital elements obtained are called the reconstructed
orbital elements. The reconstructed orbital elements are different than the previous orbital
elements in integration with passing stars included . This is particularly true for the orbital
energy. Indeed, for the previous orbital elements, the original orbits were considered, i.e., the
orbits before planetary scattering when the comets pass through perihelion. Clearly, it is not
possible to retrieve the planetary scattering, which mainly affects the orbital energy, at the
previous perihelion for the reconstructed orbits. However, we can still consider that at least
for the perihelion distance, ecliptic inclination, argument of perihelion, and longitude of the
ascending node, we obtain a good approximation of the correct values. Obviously, for some
comets it will not be the case but this should not affect the statistics.

For instance, considering the previous perihelion distance, which is a key parameter in
determining the class of a comet, the difference between the true previous perihelion distance
qp and reconstructed one g, versus g is shown in Fig. 5.

According to this figure, the error on the reconstructed perihelion distance appears to
grow nearly linearly with perihelion distance, with most of the errors between ¢, /10 and
qp- Thus, as observed in the figure, the reconstruction of the previous perihelion distance is
more reliable for creepers and mixed class comets, rather than for KQ jumpers and jumpers.

What about the KQ process? As already mentioned, it is completely hopeless to estimate
the planetary kick received by the comets during their previous perihelion passage. However,
one knows that for KQ jumpers, the kick was given by Uranus and Neptune. Hence, if the
previous perihelion was greater than 32 au, then it is very unlikely that the comet is a KQ one.
In addition, in the simulations, most non-KQ jumpers have their previous perihelion much
further than Neptune’s orbit.

Consequently, instead of classes, four ranges of the reconstructed previous perihelion
distance are considered: g, < 7 au (zone 1), 7 < ¢, < 13 au (zone 2), 13 < g, < 32 au
(zone 3), and g, > 32 au (zone 4). The proportion of comets in each zone for the disk model
is 28%, 27%, 23%, and 22%. Hence, our sample of observable comets is shared in subsets
of almost the same size.

Table 3 provides the general statistics regarding the filling of the four zones defined above
with respect to the class of the comets (which are known because the comets are coming from
simulations). First of all, the filling of each zone by a different class is nearly independent
of the model. This is expected because the uncertainty comes from the passing stars, which
are independent of the model used. Creepers are mainly concentrated in zone 1 (more than
70% of comets in this zone are creepers), and zone 4 contains almost only jumpers (more
than 90%). Zone 2 is also filled by more than 70% of mixed class comets. The problematic
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Fig. 5 Difference between the true previous perihelion distance ¢, and the reconstructed one g, versus q.
Jumpers, KQ jumpers, creepers, and mixed class comets are shown by red, orange, blue, and magenta dots,
respectively. The two full lines correspond to |g, — gp| = qp and |qr — qp| = qp /10

Table 3 For both models,
isotropic and disk models give the
proportion of comets (in percent) gk model
in each zone, according to their

Zone Jumpers Creepers KQ jumpers Mixed

reconstructed perihelion distance Z1 250 71.89 259 23.02
Z2 11.86 7.36 9.99 70.78
73 46.13 0.58 33.68 19.61
74 91.27 0.00 7.75 0.98
Isotropic model
Z1 2.39 7143 1.34 24.84
72 9.67 4.89 6.69 78.75
Z3 44.75 2.73 26.93 25.58
74 93.88 0.00 2.93 3.20

zone is zone 3, which should contain mainly KQ jumpers, whereas approximately 45% of
comets in this zone are jumpers, versus 27 and 33% of KQ jumpers for the disk and isotropic
models, respectively. This problem comes from the facts that the error on the reconstructed
perihelion distance is larger than approximately 10 au and it is impossible to detect the KQ
effect.

However, the distributions of the two most interesting orbital elements, that is, the cosine
of the ecliptic inclination cos ig and the galactic longitude of the ascending node Qg, are
essentially flat for jumpers (Fouchard et al. 2018). Thus, one can hope that the high proportion
of jumpers in zone 3 will not erase the fingerprint coming from an Oort disk.

This is what we can check in Fig 6, which shows the distributions of cos ig, and g, for
the observable comets in the different zones and for the two models. For the disk model, the
fingerprints related to the initial disk shape already observed in Fig. 4 are surprisingly well
reproduced in zone 1 (creepers) and zone 2 (mixed class). In zone 3, the concentration of
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Fig.6 Same as Fig. 4 but for the four different zones of the reconstructed previous perihelion distance. From
top to bottom, the panels are for zone 1 (¢, < 7 au), zone 2 (7 < g < 13 au), zone 3 (13 < ¢, < 32 au), and
zone 4 (g > 32 au)

the orbits toward the ecliptic is still observed; however, such concentration is also related
to the KQ jumper class, regardless of the initial shape. Hence, this feature seems to be less
adequate for the detection of an initial Oort disk fingerprint.
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Looking at the isotropic model, in zone 1, the same features are observed as that for the
creepers class of this model. For zone 2, the distribution is now nearly flat, and even the
preference for retrograde orbit is not as evident as for the mixed class comets of this model.
Similarly for zone 3, with less data, the “noise” introduced by the jumpers in this zone is
higher than the signal coming from the KQ jumper class.

In general, it seems that working with reconstructed orbits does not kill the fingerprints
of an initial proto-Oort disk.

4 Conclusions

From the pioneer work of Jan Oort, little attempt has been made on the use of the observed
data to retrieve information concerning the Oort cloud, its structure, and its formation. Our
group aims to use the flux of long-period comets to retrieve information regarding the initial
shape of the Oort cloud. This task is not easy, and each step involved in the process needs
to be optimized. In Fouchard et al. (2018), we showed that a memory of the Oort cloud was
propagated and detectable in the flux of observable comets. However, it was not clear how
this memory was propagated. In addition, it was not clear whether the fingerprints observed
could persist when applied to real data.

Using the same numerical data as Fouchard et al. (2018), we showed in the present study
that the memory of an initial disk shape of the Oort cloud is propagated through three main
long-term behaviors:

— B1 comets maintain a small semimajor axis, approximately 1000 au, during their evo-
lution. At the end, a significant increase in the semimajor axis provides strength to the
galactic tides, allowing the injection of the perihelion distance into the observable region.

— B2 refers to comets whose perihelion distance has performed an almost full galactic
cycle, whereas cos i, where iG is the galactic inclination, and the galactic longitude of
the ascending node Qg remained nearly constant. Such behavior is usually found when
the evolution of the galactic argument of perihelion is near the separatrix between the
librating and circulating motion.

— B3 corresponds to comets whose perihelion distance and cos i have performed a full
galactic cycle, whereas Q2 has achieved only a half cycle. This naturally leads to a final
ecliptic inclination ig near 120°, .

Special attention should be paid to the evolution of Q¢. Starting with orbits with small
ecliptic inclinations means that initially Q2 is close to the galactic longitude of the ascending
node of the ecliptic plane, i.e., 186°. On such orbits, the action of the galactic tides induces
a decrease in 2. Thus, comets with B1 behavior had Qg close to its initial value, comets
with B2 behavior showed a moderate departure from 186° to smaller values, and for comets
with B3 behavior, g showed a peak located at approximately 60°.

We showed that observable comets with different long-term behaviors become observable
through different processes even for their ultimate orbital period. Indeed, we defined four
classes of comets, considering the previous perihelion distance g, of the comets and the
variation Az of their original orbital energy during the last orbital period. Comets with
qp < 7 au, called creepers, mainly exhibit B3 long-term behavior; comets with 7 < g, <
13 au, called mixed class, mainly exhibit B2 and B3 long-term behaviors; and comets with
qp > 13 auand Az > 107 au™!, called KQ jumpers, mainly exhibit B1 and B2 behaviors.
All other comets, called jumpers, mainly have at least two detectable galactic perihelion
cycles.
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Considering the distributions of cosig and Qg at the previous perihelion distance, we
were able to detect the following fingerprints of the initial disk:

— For the creeper class, a maximum of the cos ig distribution at approximately —0.5, i.e.,
120°, is observed. This is typical of B3 long-term behavior, whereas it should be at —1
for a typical creeper class.

— For the mixed class, a global maximum of the cos ig distribution is at 0.5-0.75, typical of
B2 long-term behaviors, and a secondary maximum is at approximately —0.5. As regards
the Qg distribution, a strong preference was observed for values in [0, 180°]. All three
fingerprints were absent considering the isotropic model.

— For the KQ jumpers class, a strong preference was observed for both Qg values close to
180° and cos ig greater than 0.75.

For real data, we do not have access to the true g, and even less to Az. Hence, we have
considered the reconstructed perihelion distance obtained from the backward propagation
of the observable original orbit over one orbital period, considering only the galactic tides.
Using only the reconstructed perihelion distance and considering zones instead of classes,
we have shown that the two first fingerprints were easily detectable, and a detection of the
last one was still possible.

Thus, we are ready to work with real data, and now we are able to identify which fingerprint
is still detectable in a reconstruction of the previous orbital elements. However, the main
problem now is the reliability of the orbits of the observed long-period comets. Is the accuracy
of the present orbits of observed long-period comets sufficient to constrain the initial form
of the Oort cloud by the method we described? This issue is the subject of a future paper,
which is in preparation now.
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A Forbidden region

The ecliptic coordinates of the Galactic pole in the North Hemisphere are / = 180.02°
and b = 29.81°; i.e., the galactic plane is inclined by n = 60.19° with respect to the
ecliptic plane. The origin of the galactic longitude I" is located toward the present galactic
center, with ecliptic coordinates of / = 266.84° and b = —5.54°. Calling A the ascending
node of the ecliptic with respect to the galactic plane, the galactic longitude of A is, thus,
L = 186.38°. Consequently, an object with an ecliptic inclination close to 0° would have
its galactic longitude of the ascending node close to L = 186.38°. Similarly, an object with
an ecliptic inclination near 180° will have its galactic longitude of the ascending node near
6.38° (see Leinert et al. 1998, for more details on the transformations between ecliptic and
galactic coordinate systems). More generally, given an ecliptic inclination, not all values of
the galactic longitude of the ascending node are allowed.

Considering A as the origin for the ecliptic and galactic longitude, we note Qg and Qg as
the ecliptic and galactic longitude, respectively. Using spherical trigonometry, one can show

the following:
- 1 sin QNE
tan Qg = = any | (D
cosn \ cos Qg + tan ig
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Fig. 7 Left: position of a prograde orbit with respect to the ecliptic plane and the galactic plane. Right: the
same for a retrograde orbit. See text for the meaning of the angles

If |tanig| > tann, then tan Qg — oo as soon as cos g — —tt::i'é. Noting that
for x — 0, sinx ~ x, and cosx — 1 ~ —x2/2, this is also true for |tanig| = tann
(similarly in 7). Consequently, when ig € [n, T — nl], Qg, and thus, Q¢ can take any value.

If | tanig| < tann, then tan QG is a bound smooth function of QE Differentiating Eq. 1 with
respect to QE, one finds that extrema are obtained when

~ tan ig
Ccos Qp = — . 2)
tann
The extreme values of QG are then the solutions of
- 1 tan ig
tan Qg = + . 3)

cosn \/tan? n — tan? ig

Let us call Qg the solution such that Qg € [0, /2[.

As shown in Fig. 7(left), one notes that when 0 < i < 75, when Qe =0orm, Qg =0.
Consequently, the range of values spanned by QG is [— QEI QEl] Further, because Qg =
QG + L, the range for Qg is [La — Qp1, La + QEl]

Similarly, when 7 — 5 < i < 7, as shown in Fig. 7(right), one notes that if Qp = 0° or
7, then Qg = 7. Thus, the range of values spanned by QG is [ — QEl T+ QEl] and the
range for Qg is [ + La — SZEl T+ LA+ QEI]

In Fig. 4, the gray areas correspond to the forbidden regions for Qg.

When 0 < ig < n, one can compute the extreme value of ig as a function of fZG =
Qg — Lg. We obtain

sin n| tan(S26 — L) |l

V1 +tan? ntan2(QG — Lg)

tanig =

“
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B Lineig = 90°

When we consider the orbital elements of an observable comet at the perihelion preceding
the passage where the comet is observable, it means that we are considering a specific time
at which the strength of the action of the Galactic tides is particularly strong because the
perihelion distance is quickly decreasing toward the observable region.

It is well known from Heisler and Tremaine (1986) and Matese and Whitman (1992) that
the strength of the Galactic tides increases with sin ig, where ig is the Galactic inclination.
Consequently, our observable comets should have a preference for sin ig close to one.

One can easily find, using spherical trigonometry, that ig = 90° implies that:

cosig = — cos (g — 6.38°) sin 7. )
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