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ABSTRACT

Aims. Itis widely accepted that the past dynamical history of thlarssystem included a scattering of planetesimals fronimagydial
disk by the major planets. The primordial scattered pomnais likely the origin of the current scaterring disk andsgibly the
detached objects. In particular, an important argumenthbieen presented for the case of 2BB84g, as having an origin in the
primordial scattered disk through a mechanism includirg3i8 mean motion resonance (MMR) with Neptune (Gomes 2@iere
we aim at developing a similar study for the cases of the 1d¥ah resonances that are stronger than the 3:8 resonance.
Methods. Through a semi-analytic approach of the Kozai resonanéddrssMMR, we show phase diagranmes ) that suggest the
possibility of a scattered particle, after being captured imean motion resonance with Neptune, to become a detabjesd. &Ve ran
several numerical integrations with thousands of padiglerturbed by the four major planets, and there are casksandt without
Neptune’s residual migration. These were developed tokctiex semi-analytic approach and to better understand thandigal
mechanisms that produce the detached objects close to a MMR.

Results. The numerical simulations with and without a residual mtigrafor Neptune stress the importance of a particular resoe
mode, which we name the hibernating mode, on the formatidiossilized detached objects close to MMRs. When considerin
Neptune’s residual migration we are able to show the formnatf detached orbits. These objects are fossilized ancbtéertrapped
in the MMRs again. We find a ratio of the number of fossilizegeots with moderate perihelion distance (859 < 40au) to the
number of objects with high perihelion distancex( 40au) as 3.01 for objects close to the 2:5, and A Tor objects close to the 1:3
resonance. We estimate that the two fossilized populatioe h total mass betweerl@Gnd 03 Pluto’s mass.

Key words. Kuiper Belt: general — minor planets, asteroids: general

1. Introduction The detached objects are roughly defined as hasging
50au, g z 36au, and usually high inclinationi( > 10°).

Since the mid-twentieth century, scientists have speedabbout These characteristics prowde much more stable dynam_tbs wi
the existence of small bodies beyond the orbit of Neptuf@!tclose encounterswith Neptune, as is the case of thesoatt
(Edgeworthl 1949; Kuiper 1951, 1974). These objects woulisk objects whose perihelig, of the orbits approach Neptune
form a disk and their orbits would have low eccentricitiesl an{30 < 9 < 35au) and have semimajor ax > 50au. The de-
inclinations. More than four decades later Jewitt & L u (3p9 tached population currently has the lowest number of disc
found the first object, 1992QB (except for Pluto and Charon)m_embers, owing to the fliculty observing and tracking objects
belonging to the Kuiper belt. This object’s orbital chaeaigtics With large perihelia and high inclinations. But, detectitrgck-
were consistent with those proposed by the first idealizeits, N and understanding how these objects could have formed
fairly low eccentricity and inclination. However, over tgears, May, nevertheless, reveal important dynamical processss t
hundreds of new discoveries have revealed a much more cdfcurred in the primordial solar system (Gladman et al. 2002
plex scenario. One of the important unexplained featuresthe ‘Gomes et &l. 20050, 2008; Allen eflal. 2006).

unexpectedly large number of objects with high inclinasiorhe There have been several hypotheses for the dynamical for-
first dynamical formation models_(Malhaotra 1993, 1995) wenmmation of detached objects belonging to the detached group,
very successful at explaining several features of the Kuiplt  since they started to be discovered. The object 2B0g; (a =
orbits, including the Plutinos and other resonant orbitg,ib 2288au,q = 44.13au,i = 22.77°) is one of the first discover-
the end they failed to explain the high inclination of the p&ii ies belonging to the detached objects group, called “exénd
belt objects satisfactorily. Although up to now no thearati scattered disk” (ESD) at that time. Gladman etlal. (2002)sho
model explain all the features of the trans-Neptunian miegite that a process like long-termftlisive chaos is not good enough
fact that there are many objects with high inclination arlit to reproduce such orbit. Then they propose other altemstiv
something that diers a lot from what was initially expected.such as perturbations by distant rogue planets or by priralord
Gomes|(2003a,b, 2011) have introduced, through a diskescatstellar passages as possible candidates to explairCRgHdy-

ing mechanism, a new approach in producing high-inclimatimmamical formation. Gomes etlal. (2006) show a mechanism for
objects for the the hot population of the classical Kuipdrémed producing distant higly detached objects, invoking the possi-
detached TNO's. bility that these bodies had interacted with a planetargssa-
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lar companion. Brasser etldl. (2006, 2012), in turn, propost 360 ' ' . 360 0

the inner Oort cloud objects (actually, it isfidcult to say when
the detached population ends and the inner Oort cloud beg
would be formed by the perihelion-raisingfect of a promor-
dial cluster that was supposed to be the Sun’s birth enviesitm
The authors consider close stellar encounters and the ¢@is-poZ
tial in the cluster as a scenario that produces such orbits w”™ i
a> 200au ° 8I60 86I0 5 ?;83 5 884 884.5
Gomes [(20034a,b) and Gomes et al. (2005b) present a ¢ ’ ’ )
nario where detached objects are generated exclusivelyghr time (My) time (My)

gravitational interaction with the Jovian planets. Thehaus Fig.1. Evolution of semimajor axes of the giant planets for a

propose that objects scattered during planetary migrai@n njice model simulation. Each planet in this plot is identifted
be captured in a mean motion resonance (MMR) with Neptung, present order of distance from the Sun.

Once in MMR, some particles could enter the Kozai resonance
and present large variations in the eccentricities andihiatibns.
When the particle is in a low-eccentricity mode (and high ing
clination), the MMR critical angle may present a very large |
bration amplitude. Therefore, the object can escape bait re
nances while Neptune is still migrating, becoming a fozedi
object with a high perihelion distance. Thus it is possiblero-
duce detached orbits belonging to the ESD by just consigeri
the perturbation of the giant planets, at least doxg 100au.
To fossilize the orbits it is only necessary that Neptune ex-
periences a residual migration. This mechanism could tleus $ Resylts from a numerical integration with the
valid in principle for both smooth migration (Hahn & Malhetr Nice model
1999/ 2005) as well as for “direct emplacement” migratiordmo
els (Tsiganis et al. 2005; Gomes etlal. 2005a; Nesvorny|,2014 this section we consider a numerical integration of theaeq
Nesvorny & Morbidelli 2012). tions of motion of the planets and massive particles acogriti
Gomes|(2011) uses this mechanism to explain the dynathe Nice model(Tsiganis etlal. 2005). The initial orbitatse®a-
ical formation of 200XR;9o Which is a fossilized object with jor axes for the planets arefsau, 8.18au, 11.5au and 142aufor
high perihelion distanceg(~ 51.6au) and that is close to but not Jupiter, Saturn, Uranus, and Neptune, respectively. Hueien-
in the 3:8 MMR with Neptunel (Allen et al. 2006). In his worktricities are initially zero, and their inclinations arehair O or
the author highlights an interesting resonant mode in wifieh 0.5°. The disk is initially composed of £(planetesimals with a
particle spends a long time with low eccentricity and high irtotal mass of 35 Earth masses, and with a surface densitpgcal
clination (hibernating mode) and suggests that similambigln  asr~! and situated between T6and 400au. They have zero
should also occur for other MMRs. Although other models pr@ccentricities and inclinations. When the planets hadpstdp
pose the formation of detached objects (Hahn & Malhotra 200%heir mutual encounters, we cloned each planetesimal 3stim
we understand that the results in Gomes (2011) are comgellFFigurel1 shows the evolution of the semimajor axes of the-plan
enough that we should reconsider the same mechanism appéiegdjust before and after the instability phase triggeredhay
to other important exterior MMRs with Neptune. close encounters between the planets. We focus partigdarl
We thus intend to carry out a comprehensive study in thideptune’s migration. Figufd 2 shows the evolution of Neptsin
paper of the dynamical formation of detached objects near tmigration speed. This is done by averaging Neptune’s semima
2:5 and 1:3 MMRs with Neptune, which are the strongest ongs axes at every My, then averaging the migration speechtake
beyond the 1:2 MMR, since they have the smaller combinatiétom the previous averaged semimajor axes for every 100 My.
of order and degree. We performed several numerical integi@le notice that front = 0.75 Gy tot = 1.5 Gy, Neptune’s mi-
tions of the four giant planets and two disks of scatteretiggdes gration speed varies roughly fronal/Gy to 0.1au/Gy. This is
surrounding the resonances of interest. We consideredsoen the range of speeds used in the simulations in Section 5hwhic
with the actual solar system and another one where Neptuneasresponds to Neptune’s migration speed during a time span
a little before its current position, so that one can impofieal  of roughly Q85 Gy. It must also be noticed that although after
phase of residual migration on Neptune. Therefore we intendaround 15 Gy in the integration shown in Figuré 2, Neptune has
increase our understanding of the dynamical formation mectan average migration speed belovtd/Gy if we do not per-
nism of detached objects near these MMRs. form an average of these speeds. We notice the absoluteofalue
The paper is divided as follows. In Sect{dn 2, we present tiNeptune’s migration speed above@u/Gy during most of the
results of a many-particles numerical integration of thaaeq time (78%). We might thus argue that in a sense Neptune has
tions of motion of the major planets and a disk of planetemaexperienced a residual migration until today.
following the Nice model. This integration is used to detiren This simulation also showed one instance of a trapping and
the migration speed used in the following sections and alsolater escape with respect to both the 2:5 and 1:3 resonances.
present an example of the mechanism of creating fossilieed &igure3 shows such a case for the 2:5 resonance. We notice tha
tached objects that will motivate the rest of the work. Intec a little after 08 Gy to a little before ® Gy, the particle experi-
we present a semi-analytic study of the Kozai mechanism nces the 2:5 MMR coupled with Kozai resonance. Somewhere
side the 2:5 and 1:3 MMRs. Sectibh 4 shows the main resultefore 09 Gy, the particle escapes both resonances and gets ap-
of our numerical experiments without Neptune’s residuanay  parently fossilized with fairly low eccentricity and highdlina-
tion. We devised a pathway for the formation of detached otien. It is also instructive to follow the evolution of thes@nant
jects from primarily scattered particles, and relate iti® $emi- angle with more detail at two especific times of the partile’

180 || 180

onant angle
resonant angle

nalytic study developed in Sectioh 3. Secfibn 5 shows thie ma
results of our numerical experimentgh Neptune’s residual mi-
gration. We present a calculation of the ratio between dhetzdc
objects with high and moderate perihelia and an estimateeof t
mass deposited near those resonances. Finally, we sunemariz
Bur main results and give the conclusions in Sedfion 6.
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time (years) in the mean longitudes of the planets and particle. When the
particle experiences a MMR, the problem can be reduced to the
Fig.2. Evolution of Neptune’s migration speed during the Nicgalculation of a single integral, since we have a fixed refati
model simulation shown in Figufé 1. Horizontal lines staod f petween the mean longitudes of the planet and the particéagi
migration speeds.@au/Gy and 05au/Gy by the resonant angle (when its libration amplitude is zeFbp

general resonant angle is defined by

360 360
o C e ¢=(p+ain— pA — ki — kQ (1)
on on
= =] .
& = where 1y and A are the mean longitudes of Neptune and the
g g 180 particle, the integerp andq are the degree and order of the
§ § resonanceks, ko are integers satisfying; + ko = q, @ is the
g e particle’s longitude of perihelion an@ its longitude of the as-
0 . . 0 Priid cending node. In the rest of the paper, we always congigler
860 860.5 883.5 884 884.5 and¢;.3 as the eccentricity-type ones, those that do not include
time (My) time (My) the longitude of the node, defined by = 51 — 21y — 3w and

¢1:3=31—- A\ — 2w.

Fig. 4. Evolution of the 2:5 resonant angle for the same particle In real N-body dynamics the particle always presents a fi-
asin FiguréB at two dierent times giving more detail on its vari-nite libration amplitude of the resonant angle. Thus we back
ation. In the left panel, the particle is well inside the remoce. again to a double integral where the mean longitudes ateestil

In the right panel the libration amplitude of the resonamflams lated through the resonant angle, which is made to vary decor
very large and eventually it switches to circulation. Thaind ing to a sinusoid of the given amplitude. Owing to the avarggi
roughly define the time of escape from the resonance. Angges #n the particle’s mean longitude, its canonical conjugate

in degrees.
L=+ua 2

evluton Trisis soun n FiQue duherenheefthandgian® S90St 1 EGLIZR = e Semimanr a6s o e 1ane.

the resonantangle is librating with90" amplitude around 180 ags Due toJ rotational ir?variance in the longitude of théeno

At around 0884 Gy (right panel), the particle’s resonant anglB13SS- ! divided b 9

libation amplitude is very large and eventually turns teeia- 'S conjugate (divided by)

tion, defining a escape from the resonance. —
Figure[® shows the distribution of the particle’s inclimeti H = V1-ecos)) )

around the 2:5 and 1:3 MMR, including a range of semimajqyi|| also be a constant, wheies the particle’s orbital inclina-

axes plus or minusall around the resonance’s nominal SeMigon ande its eccentricity. In the end, the averaged Hamiltonian

major axis. The perihelion distances are from Neptune's-senii pe in the formE = E(G, g) where the canonical con-

major axis up to &u beyond. These distributions will be USEfuﬁugated pair represents = w (argument of perihelion), and

for comparing with the simulations undertaken in the foliogy
: : G = +ua(l-€?). Therefore, one has two constants of mo-
sections. The data are from a time range betwegaod 1 Gy. tion: the Hamiltonian [E), which is related to the energy, and

H, which stands for the particle’s angular momentum profkcte
on the reference (planets’ orbital) plane. Since our Hamiétn

is one degree of freedom, it is possible to draw level curees f
fixed values o andH.

3. A semi-analytic approach of the Kozai
mechanism inside 2:5 and 1:3 MMRs

Based on the work ofl_Thomas & Morbidelli| (1996), As pointed out by Kozail (1962), when the orbital inclina-
Gomes et al. [(2005b)] Gomes (2011), and Gallardolet tibn of the asteroid is high enough (3% i < 141 for aster-
(2012), we developed our study for particles trapped in tloéds in the main belt), its argument of perihelion startsito |
2:5 and 1:3 MMRs with Neptune. We consider the four majdorate around fixed values(= k.90°, with k an integer), and
planets in planar and circular orbits. Our aim in this seci® the pair €,i) will be related by the constant of motid#. This

to find an average perturbation of the planets on the partickind of behavior has been known as Kozai resonance ever since
This amounts to computing an average of the Hamiltoniadhen. Other authors have shown that if a TNO is trapped in a
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MMR with Neptune, it can present the Kozai dynamics for ink is important to note that in these exterior MMRs couplethwi
clinations lower than 39(Gomes 2003a,h; Gomes etlal. 2005kKozai resonance, the variation of the libration center ésrille
Gomes 2011; Gallardo etlal. 2012). Moreover, if the reso@anand not the exception.

is of type 1 : N, the classical Kozai centers vanish and new Figure[® presents the energy level curves associated with
asymmetric centersy # k.90°) take their placel (Kozai 1985; each square in Figufé 7. The process of entering a hibegatin
Gallardo et al. 2012). This is because the centeys Qfare dif- mode seems quite subtle. In panel (c), the particle had a high
ferent from O and 180, and new terms in the mean resonarlibration amplitude, and the energy level curves were flat i
disturbing function arise (Gallardo etal. 2012). in a non-MMR mode. In panel (d), the libration amplitude had

From the semi-analytical approach described above we @lffady decreased enough to lead to the appearance of closed
build Figure[®, which shows two examples of diagraens.  CUrves (o-librating) with large variations in the eccentricity. The
for particles trapped in the 2:5 MMR. In figufé 6(a) the partiParticle thus manages to escape the hibernating mode afeng o
cle hasH = 0.851,a = 5547au, 4,5 = 180, and 70 of li- of these Kozai curves. A similar process is obs_erve_d frc_)netsan
bration amplitude. Each level curve stands for a specificggne (9) t0 (h), butin this case the decrease of the libration &g
level and presents the classical Kozai dynamics wheierates Was not large enough to create an ascending path for the parti
around the centers = k.9C°. Therefore it is expected that acl€, and as shown in panel (i), it enters the hibernating mode
particle with these caracteristics presents anti-phage learia- | € €xact circumstances that enable a particle to entertdn@o
tions in the pair & i) due to the conservation &f and libration hibernating mode seems quite complicated and is most likely
of w around the classical centers. If the libration amplitude Gtitable to being studied as a probabilistic event, althcthgt
25 increases, the relation between the mean longitudes is '§/Peyond the scope of this paper. Owing the chaotic beha#ior
most lost, and the motion will be similar to non-MMR Kozafhis dynamics, a particle once in hibernating mode can again
dynamics. Figur&l6(b) shows almost the same case as Figii@@Ped in the MMR coupled with Kozai. To place the particle
B(a), except that we now take 12fbr the libration amplitude M a fossilized orbit, without the risk (_)f be_lng trapped agaito
of the resonant angle#.s). SinceH is still a constant of motion, € MMR, a complementar mechanism is needed. This will be
the lower curves represent orbits that have low eccengicind discussed in the next sections.

high inclinations, while the higher ones have lower indiioas For the 1:3 MMR, the same main features may occur, except
and higher eccentricities. that in this case when the inclination is high enough the asym

. . L metric centers of the Kozai resonance appear. Figure 1@mpes
In Figure[T we present a narrow window in time of 0ngyese asymmetric centers foffdrent values of the libration cen-

of our numerical simulations in which the process describegd, #1:3 and libration amplitudes. In all cases the particle pre-
above appears for a particle whase= 0.851. It experiences ganes = 6263auandH = 0.82. Again, if the amplitude of

the 2:5 MMR coupled with the Kozai resonance forlOOMy g |arge, the flattened curves appear, indicating that therhat-
(~ 3.27Gy to ~ 3.37Gy). Then it accesses a dynamical modﬁ.]g mode is also possible for this resonance.

with low eccentricity or high perihelion distance (and high
clination) and high libration amplitude of the MMR angle for

the rest.of the simulation. We cal! this last dynamical moﬂ_e . Numerical simulations without migration

hibernating mode because the particle may “awake” at any time

and return to the MMRKozai dynamics. In Figurgl8 we showWe present the results of seven numerical simulations of the
a zoom in time of Figur€l7, for the unaveraged resonant aeguations of motion of the four giant planets in their cutren
gle. Although this behavior might be mistaken for a circialaf orbits referred to the ecliptic plane at Julian date 2454200
Figure[8 shows that the resonant angle is really libratingmwhand a total of 22,500 massless scattered patrticles. Thgrinte
the libration period timescale is considered. On the otlamdh tions were performed for.8Gy in steps of 0.5 years, which
the libration center is not constant but circulates. Thigliy it is approximately equal to/20 of the smallest orbital period

is more instructive to show the variation in the resonantairg (Jupiter). We used the hybrid integrator of the Mercury pack
Figure[T as averages in libration amplitude and librationtee age (Chambeis 1999) for these numerical simulations. The pa
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Fig.7. Results of a numerical simulation
in which the particle experiences the 2:5
MMR +Kozai, and the disappearance of both
due to a large libration amplitude @b.s. The
final orbit has low eccentricity, hence high in-
clination (not shown), because it is in a state
called hibernating mode, since it can turn out
to experience the MMRKozai due the chaotic
behavior presented. The four panels show the
time evolution of the eccentricity, argument of
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amplitude, respectively. Angles are in degrees.
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Fig. 10. Energy level curveg vs. w for the 1:3 MMR. In (a)
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i $13 = 70° with 30° of amplitude, in (b)p1:3 = 285 with 5° of
amplitude, in (C)p1:3 = 70° with 60° of amplitude, and in (d)
¢1.3 = 285 with 30° of amplitude. The asymmetric centers of
the Kozai resonance are clear in (b), and the flattened cimves
(c) indicate that the hibernating mode can also be reachiéd. A
cases hava = 62.63au andH = 0.82.

3.4486+09 3.45¢+09 34520409

. mode, whose centers are 0 and %,8@sts about 700My. After
time (years)

that, the argument of perihelion starts to circulate witbraglpe-

. o N riod, and the particle remains in a high-eccentricity gnivttose
Fig.8. The variation in the same resonant angle as in Fighre,£rihelion is close to Neptune's orbit, basically followigimi-

not averaged and zoomed in time so as to make the libratigh gynamics to one of the top flattened curves of Fiflire &b, f
period timescale apparent. This behavior is common to Bter _ 4o0\y. Close encounters with Neptune do not occur because
MMRs with Neptune coupled with Kozai resonance. Even whefiremains in MMR, as seen by the libration ¢f.s. Between
the particle is not in the hibernating mode, this behavigreaps 1 oGy < t < 3.4Gy, the particle experiences a new type of Kozai
as, for instance, during the time betwee @y and 332 Gy as  gde, where the oscillations of eccentricity and inclioatiave
shown in Figurél7. greater amplitude and the libration centers.odire most of the
time at 90 and 270, but it circulates during some time around
2 Gy. This behavior is also consistent with that shown in Fégu
ticles were divided into two groups around the mean motisn rég-a. Although it appears that the anglgs does not librate in
onances 2:5&5 = 555164au) and 1:3 ;.3 = 62.6912au) this interval, with a zoomed plot similar to Figure 8, oneices
with Neptune. Initial conditions were assigned randomdy, rthat the center mostly librates around 1&®d undergoes some
specting the following limits: 56161 < a < 56.5161au or rapid changes, which on a scale like the one presented ime=igu
616912 < a < 63.6912au for semimajor axis, 36 q < 35au [ leads to a misinterpretation of circulation. Ear 3Gy, the
for perihelion distance, & i < 50° for inclination, [ 36C°] for argument of the perihelion starts to circulate again befbee
the angles argument of perihelian longitude of the ascending particle reaches a mode with low eccentricity (high peidrel
nodeQ, and mean anomaly The planets interact among themdistance) and high inclination to the end of the numerigalsi
selves and disturb the massless particles, which are disgarlation (hibernating mode).
from the simulations whea < 52.50auora > 65.75au, decreas- A similar analysis can be made of Figlird 12; however, it is
ing the large cpu time spent to complete this kind of simalati important to note that the rise of the asymmetric centersief t
Since the particles are considered to be massless, thevesis n Kozai resonance, as noted between 900My and 1.4Gy and in
change of energy and angular momentum between the disks grmelenergy level curves presented in Figure 10-b. Anotht-no
the planets, and therefore there is no planetary migration.  worthy aspect is that despite spending a long period in hiter
We now present two representative figures that show thw mode, the resonances may return to be active and bring the
most interesting dynamic modes found. Fidurk 11 shows the carticle back to the resonant dynamics where large peoimeli
of a particle initially in the region of the 2:5 MMR, and in ige  variations are possible. This is noticed in the last9Wmf the
[I2 the particle was initially near the 1:3 MMR. The partiate i simulation in Figuré&Tl2.
Figure[11 starts in Kozai resonance and MMR, as seen in the Up to now, we have shown that detached objects can be
middle and bottom plots and the coupled oscillation betwieen formed in a solar system without planetary migration. Bus it
perihelion distance and inclination in the top plot. Thiszido not guaranteed that they will remain as detached or retuttmeto
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resonant dynamics. However, no matter how slowly, the plagrates. The simulations were stopped whenever Neptunkasac
ets are always migrating, since they interact with the TN aits current average semimajor axis of Btau.

with the comets from the Oort cloud. In this sense, itis guesi By this experiment it is possible to check the particle’d-abi
currently to form detached objects and fossilize theirtstiiihis ity to escape from each dynamical mode and get fossilized in a
subject is addressed in the next section. smaller semimajor axis than the resonant ones. It is alsgifges

to verify whether such escapes are related to the migrapieads
) ] ] ] of Neptune. Figurds 13 andl14 show the results of Neptune’s mi
5. Imposing a residual migration on Neptune gration rates as a function of the averaged semimajor axis ov

We now proceed to a new set of numerical integrations wi{He final 5% of each integration for particles that were ail

no migration. This time Jupiter, Saturn, and Uranus areeit th!N the regions of the 2:5 MMR and 1:3 MMR, respectlvgly. .'.I'hey
current positions, as in the last section, while the mean’-serﬂIso show_the_ approximate values of t,he re_sonant_seg!me_lg)ra
major axis of Neptune was decreasecafp= 29.8au. A total 2t € beginning and en((j) of Neptune's residual migratidnis
of 16,000 particles were initially considered. The limits the noted that in almost 100% of the cases |n,|t|aII.y in Kozai dyna
particles’ initial conditions and other integration paeters are ics, the partlti;e_s tﬁnd to follow Neptune’s migration, amthc
equivalent to those in secti@h 4, except that the semimajes gltinue capturedin the MMRs. _ . .
of the particles are distributed arouad= 54.8911+ lau and Thgre are a few cases where thg particle started in the Kozai
a = 619854+ lau. This new set of integrations was done t§yYnamics anq escaped the MMR (Figlre 14). Analyzmgthe data
check whether the main characteristics of the first set @f-infrom these simulations, one notices that, before the pertis-
grations were maintained and to introduce the possibifitno CaPed the resonance, it switched to the hibernating modtarAs
cluding a residual migration on Neptune for further anaiygih  the case where the particles begin in the hibernating mdeél(fi
migration. One finds that the global features are the sarrtaéor Circles) one has the opposite situation, where most pestteind
two sets of numerical simulations. Similar results are plsssi- [0 €scape the MMR easily, being fossilized without migrgtin
ble in the case, as shown by Figufes 11 GAd 12, where Neptyp]eesmulatlons where the pa}rncl_e was initially in the hifteging
is placed before its actual position. One also finds that 12% §0de and followed Neptune's migration, we also observettha
the particles attain > 40au regardless of whether they surviveSWitched the dynamic mode (from hibernating to Kozai) befor
or not for the age of the solar system, but only one fourth §fa"ting the migration. Thus, we could claim through thige
them reach hibernating mode. In these integrations, wetifgen MeNt that to become a fossilized object with low eccenyidite
the hibernating mode whenewgt 40au for At > 100My. With pqmclg must reach the hibernating mode while Ng_ptunglls st
this condition, one can identify, in a general way, the hilagr migrating. The escapes from resonance at a specific poihein t
ing cases inside the large data set generated by the simuiatieVOlUt'on were shown to be a functhn almost or_lly of whether
without looking one by one. Since in the hibernating mode tfg€ particle was in Kozai or hibernating mode with barely any
resonant angle circulates or librates with very large amqé, Ccorrelation with Neptune’s migration rate in the studiedge.
these particles become potential candidates to fossilizathile The experiments just performed suggest that escapes from
Neptune migrates. the hibernating mode is a near 100% chance event fpr migratio
With these simulations we want to understand the behaviieeds above Cal/Gy, thus, as Figurel2 shows, particles must
of the particles when Neptune is still migrating to its catrgo- €Scape from resonance in hibernating mode until at leasbécy
sition. To accomplish this task we artificially added a foticat fore the present date. However, it is not obvious that escafpe
depends on the velocity components into Neptune’s equatidR 1.35y at hibernating mode are unlikely. In fact, although the
of motion in order to linearly increase its semimajor axisirO Migration speed is on average belowduAGy during the past
idea was to study the final phase of a planetary migration. \8&Y of integration, we notice that this speed can fluctuate be-
considered that Neptune’s migration speed comes from tbe Nfween positive and negative values, being often above0Qy
model integration described in Sectigh 2. We also note that fin absolute value. So as to check how likely escapes from res-
a smooth migration, roughly the same migration speeds are §ance at hibernating mode are for Neptune migration speeds
tained This result argues for the robustness of the mechani§ch as those in the great integration shown in Figlire 2, we pe
presented here. We only consider Neptune’s migration shee formed the following experiment. Everything were the sarsie a
farther planet migrates much faster than the others, andrdyn for the experiments that yielded Figures 13 and 14, except th
ical processes experienced by TNOs (like mean motion re$Be migration speed imposed on Neptune will be dictated by th
nances) are almost solely related to Neptune. migration experienced by Neptune in the great integratia t
The first experiment consisted of choosing twdfefient Yielded FiguréP. We thus computed Neptune’s migration dpee
points in the orbital evolution of a particle. For one of thesthrough the dterences in the average Neptunes semimajor axis
points, the particle is experiencing the Kozai dynamicg]witln_sucqessweytlme_ranges. Then we applied these successive
strong variations in the eccentricity and the inclinatiand the Migration speeds, which was changed at evéuty 3o Neptune
particle is in the hibernating mode for the other point. Iis th €0OmMing from the static integrations. We only used the ihdttn-
experiment we only considered that particle and the plaaetsditions at hibernating mode for both the 2:5 and 1:3 resoesnc
those two chosen times. For either point (particle and time) @S those used in the experiments that yielded Fidudes 134nd 1
integrations were started as many times as the chosen ioigrath the beginning of this section. For either resonance we28id
speeds for Neptune in the interval.{95.0]au/Gy, with steps Numerical integrations imposing Neptunes migration speed
of 0.01au/Gy. Therefore, the resonant semimajor axis also mifose from the great integration as if Neptune started d5yi.6

1 We performed a basic numerical integration with the foumgia 2 it is interesting to note that particles that escape the MifRhe-
planets initially placed so as to experience a smooth marand a diately after the beginning of the migration are locatedrabgerage
disk of massive planetesimals with the same total mass d®ilice semimajor axis below the resonant one. This is because itherdis-
model simulation described above, and we noticed Neptumigigation continuity between average resonant semimajor axis anég&eon-
speed above.fau/Gy during most of the time up to.8 Gy. resonant semimajor axis at the border of the resonance
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Fig. 11. Time evolution of a particle captured
by the 2:5 MMR with Neptune. Upper panel
shows the evolution of the perihelion distance,
g, and inclination,i. The middle panel shows
the evolution of the argument of perihelion,
w, and the bottom panel presents the reso-
nant angleg,.s. We notice several dynamical
modes like the KozaiMMR, and the hibernat-
ing mode. In the end the particle is in a non-
fossilized detached orbit.
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until 4.0Gy with steps of 0.Gy. All integrations extend to 4@Gy.

shows the evolution of the perihelion distance,
g, and inclination,i. The middle panel shows
the evolution of the argument of perihelian,

and the bottom panel presents the resonant an-
gle ¢1:3. It is possible to note one of the asym-
metric centers of the Kozai resonance between
800My and 14Gy. Despite the particle remains
in the hibernating mode for a long time, the res-
onances restart in the Kozai mode and the large
perihelion variation dynamics are installed at
the end of the simulation.

particles into account (e.g., Nice model). We chose nind-par

Figure 15 shows the results of this experiment, where we sholes that were initially in the 2:5 MMR region and seven other
Neptune’s average semimajor axis orbital evolution, andéch from the 1:3 MMR region. These particles show the most in-
integration started at the time shown in the figure, we pldt “Beresting dynamical modes, especially long periods in therh

for an escape eventand “R” for a still in resonance event. ke finating mode, like those in Figurésl1l dnd 12. Then, we took
that there are still escapes from the hibernating mode dgthi@ 123 points for each particle, along their original simuas and
last 35y of Neptune’s mild migration for a fraction between oneestarted them by considering a migrating Neptune. Thezefo
half and one third of the cases. 1107 (9x123) runs were made for 2:5 MMR particles and 861
?x123) runs for 1:3 MMR particles. In the end, 240 particles

To find the most probable values of the eccentricities fé scaped the 2:5 MMR and 168 particles escaped the 1:3 MMR.

fossilized particles, after they escape the MMR, we did a-co
plementary experiment. This time we fixed the residual migr !gP.reSD.:B _and:l? exhibit histograms for the c.)r|.g_|nal eccen-
tion rate of Neptune iy = 0.5au/Gy, a reasonable value ricities distribution and for the averaged eccentrisitidter the

for the final migration phase in simulations that take massi\MMR escapes, for particles that became fossilized for the 2.
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Fig. 13. DiagramVmg Vs. averaged semimajor axis for particlesig. 15. Average evolution of Neptunes semimajor axis with
that were initially in 2.5 MMR with Neptune. The average iNeptunes initial semimajor axis coming from the static gnte
calculated over the past 5% of each simulation. The bla@dfill tions and experiencing migration with the same migratidgaga
circles represent particles that started the new simulgiiothe as those sfiered by Neptune for the last 3Gy of the great inte-
hibernating mode, while the open circles represent thoae tigration shown in Figure 2. Also plotted is the result of the ap
started in the Kozai mode. The vertical lines are the appnaieé plication of Neptunes migration on particles started aehilat-
resonant semimajor axis before (at left) and after (at Jyigte ing mode:“R” stands for a particle that remained in resoeanc
residual migration of Neptune. It is clear that particleisiatly  to the end of the integration and “E” for a particle that event
in the hibernating mode tend to escape the MMR, becoming fagly escaped the resonance before the end of the integratien
silized objects, while the ones started in the Kozai modéhén time associated with either of these symbols stands forrthe i
opposite way, tend to stay trapped in the MMR and follow thgal time of integration with Neptune experiencing the sexajor

migration. axis evolution shown in this plot. All integrations are exded
to 4.5Gy
5 3 tion of objects that become fossilized from the initial ptgtion,
< since they were chosen on purpose based on specific particles
4} : evolution in which the hibernating mode appeared. To make a
= ' more unbiased analysis that takes the total time which the pa
) LY cles spend in the hibernating mode into account, we perfdrme
é 3 "é . another experiment. It consists of taking the simulatiorith w
S ?“ . Neptune at 28au and restart them from fferent times, consid-
V%Q ag ering that Neptune migrates with,g = 0.5au/Gy. All bodies
E aq - present at the selected times are considered. Thus it idbjeo&s
> N verify the formation of fossilized objects in a scenario ihigh
1 ?“.,‘_‘1:-;“ ; several types of scattered particles are perturbed by aatitigr
I e N 4 Neptune. We consider that an object is fossilized if its ager
0 kA P L - Ki \ semimajor axis, after Neptune reaches its current positoin
61,8 62 622 624 62,6 628 the region 54 < a < 554au for bodies close to the 2:5 MMR
averaged semimajor axis (au) or 618 < a < 624au for bodies close to the 1:3 MMR. A to-

tal of 15 simulations were performed. In all of them at least o
Fig.14. Analogous to the Figufe_13 for particles that were inifossilized object withg > 40au was formed in both regions, as
tially close to the 1:3 MMR with Neptune. shown by Tabl€I1. However, we note that these simulations are

also able to produce fossilized objects with moderate p&ah

distance (35< q < 40au). This result is qualitatively in ac-
and 1:3 MMRs, respectively. It is noteworthy that partidieat cordance with Figurds 16 afidl17, which show two peaks in the
escaped the MMRs mostly have low eccentricities. It is fourdistributions of detached objects, one for moderate pkoime
that the most probable values for the eccentricities ar2 @ntl  distance and another one for high perihelion distance. Ofseo
0.18 (449 < q s 487au) for the 2:5 MMR case, and 0.21those figures do not show quantitative coherence sinceitied in
(488 < q < 49.3au) for the 1:3 MMR case. These results coneonditions were chosen on purpose from orbital evolutioas e
firm what is proposed by Gomes (2011) that orbits similar taibiting the hibernating mode. Approximately 70 % of foest
2004XRy90 may be formed close to other MMRs. objects with moderate perihelion distance turned out tdddade

The previous experiments show that it is possible to forfor periods of billions of years on later simulations, wHil@0%

detached objects fossilized close to the 2:5 and 1:3 MMRH. fossilized objects with high perihelion distanag % 40au)
However, these experiments do not allow calculating the-fraare stable. The simulations in this new experiment gengrate
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Table 1. Particles fossilized with moderate and highwhen
Neptune achieves its current position. Left side standghore-

0,15¢ sults of the 2:5MMR runs, while the right side for the 1:3MMR.
The columns represent the run ID, the number of objects fos-
silized with q > 40au (N;), and the number of objects with
3 35< g < 40au (Np).
Q:) 0’1 i
~ Run N N Run N; N,
3 #1 5 14 #l 3 5
8 #2 2 18 #2 4 8
S #3 5 15 #3 3 8
S0,05¢ #4 2 9 # 5 11
IS co 2T #5 1 8 # 5 7
e #6412 # 4 10
aoi il #7 4 12 #7 4 10
0 , ua U rrmm # 3 25 #8211
0,1 0,2 0,3 0,4 0,5 #9 6 23 #9310
i #10 6 24 #10 3 12
eccentriciy #11 6 20 #11 1 8
) . . . #12 8 21 #12 3 10
Fig.16. Comparison between the eccentricities distribution for #3 5 12 #13 6 3
the evolution of the 9 original particles in the 2:5 MMR regio #14 4 19 #14 4 8
(dotted histogram) and the averaged eccentricities forteke #15 6 51 #15 8 20
particles that escaped the resonance while Neptune wastmigr Tot. 67 283 Tot. 58 141

ing, becoming fossilized (continuous black histogrampahkeat
e ~ 0.12 ande ~ 0.18 suggest that 2004, o¢-like orbits might
be formed close to 2:5 MMR with Neptune.

0,25} i

% of occurence
=
=
94

0.1 02 03 04 05
eccentricity

with Neptune's migration from approximately 3.5 Gy, and
Figure[1® presents the 1:3 MMR region for the same original
simulation restarted from approximately 1Gy. Most bodégis

to remain trapped to the MMRs and follow the migration of
Neptune. Nevertheless, some particles escape the resobanc
coming scattered objects (below the lower horizontal |ife3-
silized with moderate perihelion distances (between oot
lines and 54 < a < 55.4au or 618 < a < 62.4au) or fossilized
with high perihelion distance (above the upper horizorite |
and 546 < a < 55.4au or 618 < a < 62.4au).

The scattered objects are very moble in the semimajor axis.
They are strongly perturbed by Neptune and usually end up
being ejected from the solar system on hyperbolic orbit® Th
fossilized objects with moderate perihelion distancesHasgs
mobility in semimajor axis than the scattered ones, and most
of them are stable after Neptune arrives at its current posi-
tion. The fossilized objects with high perihelion distanoa
the other hand, have almost no mobility in semimajor axis and
are very stable, surviving by the age of the solar systenr afte
Neptune reaches its current position. Through an expetiosen

Fig.17. Comparison between the eccentricities distribution fdfg a more generic approach, we thus show that detachedsbjec

the evolution of the 7 original particles in the 1:3 MMR regio
(dotted histogram) and the averaged eccentricities fortabe

close to the 2:5 and 1:3 MMRs with Neptune can be generated
through gravitational interactions among scattered gdagiand

particles that released the resonance while Neptune raigragiant planets without the need of an external agent (egjlast

becoming fossilized (continuous black histogram). Thekpaa
e ~ 0.21 suggests that 2084R, ¢ like orbits might be formed
close to 1:3 MMR with Neptune.

average, 4.22 fossilized particles with moderate peinetiis-
tance for each fossilized object with high perihelion dis&for

passages or planetary companion with planetary mass). $t/e ju
need a scattered patrticle to be captured in a MMR with Neptune
to experience the Kozai resonance, and to access the hilogrna
mode while Neptune is still migrating to its current pogitio

One comment is in order with respect to the particles that
remain trapped in the MMRs with Neptune in this last experi-
ment. Since these particles amount to many more that escape,

the 2:5 MMR case, while this ratio is 2.43 to 1 for the 1:3 MMRone could try to estimate the ratio of current trapped pasic

We continued the integration of some of the particles fondrae

to escaped ones. But we do not think this experiment is deitab

Gy and found out that on average 30% of the moderate perilfier that calculation. In fact, the integration with migiaiilasts
lion distance ones did not keep stable. Thus the corrected rgust 600 My in view of the initial position of Neptune and the

not including the unstable particles should be 2192:5 MMR)
and 1.701 (1:3 MMR).

migration speed. This is justifiable since the migratiomigaict
exponentially damping and we are taking it as linear, andtmos

Figurd 18 shows the results for the region of the 2:5 MMR faf the migration will take place in these first 600 My. Therd wi

one original simulation without migration, which was rettd

10

therefore be some 3.5 Gy left for evolution time, during whic
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distributions will be used to better estimate the massikkd-
posited near the resonances in the next section. It is sttege

to note that the histogram for the 1:3 resonance is much more
skewed to the left than the one for the 2:5 resonance. Althoug
we do not attempt to explain this feature, we can confirm that i
is real in the sense that a particle trapped in the 1:3 MMR with
a low inclination can eventually get into Kozai resonancd an
experience a large amplitude couple variation of the ecizent
ity and inclination that brings the eccentricity to neat @nd
the inclination to near 30 Figure 21 shows an example of such
oL Y S Lt E— SRS TR ] behavior.

()1
S
>

>

N
N

averaged q (au)
5

5.1. Estimation of the mass of detached fossilized objects

(98]
=
»

, ‘ ‘ o . Although the simulations performed here were not partityla
54,6 54.8 55 55,2 554 55,6 aimed at computing the total number of detached objects that
averaged semimajor axis (au) would come from a past hibernating episode, we do think tleat w
can roughly estimate the total mass that would be depositad n
Fig.18. Results in the region of the 2:5 MMR for one originaf€ 2:5 and 1:3 resonances as fossilized objects with high pe
simulation restarted from 3.5Gy. Neptune was initially aay = €lion distance. We consider the integrations without atign
29.8au and was made to migrate with,q = 0,5au/Gy. The and assume that every instance of a hibernating mode cr@ates
vertical lines account for the initial (at left) and final @ght) fossilized object with high perihelion distance, whichesson-
resonant semimajor axis. All particles that were present in @PI€ in view of the examples shown in Figures13arid 14. For the
the original integration at that time they were considered. ~ 2:° résonance we find that3g% of the particles show at least
one instance of a hibernating mode for the fir830Gy, whereas
for the 1:3 resonance this fracion is56%. Now we compare
this fraction with the total mass available in the neighloarthof

. ‘ each resonance taken from the Nice model simulation destrib
i in Section 2. This mass at7 Gy, after which Neptune expe-
50+ riences an ective residual migration for.85 Gy is 0.041 and
_ | 0.036 Earth masses for the 2:5 and 1:3 resonances, reghgctiv
§ 45 . . N This yields final total masses for fossilized objects withtper-
\g . }.‘ ihelion near those resonances a¥/0and 009 in Pluto’s mass.
- 4 If we consider the last@y of planetary migration, the frac-
Q 40 e pA tions of particles that show at least one instance of a hdiern
%0 “ . A ing mode is 1.8% and 2.2% for the 2:5 and 1:3 MMR, respec-
S 35 L N % ___________ tively. Considering the probability of escaping from thé&dn-
S : * ‘ nating mode during the last@y is around 40% as suggested by
At Figure 15, we estimate a total mass in the neighborhood of the
30} | 1 2:5and 1:3 MMR as 0.21 and 0.26 in Plutos mass.
i Now we must also consider that this calculation was based
618 62 622 624 626 628 on a uniform distribution of the inclination fronf@o 50°. The
averaged semimajor axis (au) distribution of inclinations that yields at least one imsta of

a hibernating mode is shown in Figurel 20. On the other hand,
Fig.19. Results in the region of the 1:3 MMR for one originathe expected distribution of inclinations around the 2:8 ar8
simulation restarted from 1.0Gy. Neptune was initially sy = MMR is shown in Figuré 5. To get more accurate fractions of
29.8au and was made to migrate withig = 0.5au/Gy. The particles that show at least one instance of a hibernatindemo
vertical lines account for the initial (at left) and final @ht) we must multiply the above numbers by a factor which is the
resonant semimajor axig 3. All particles that were present in weighed sum of the fraction of particles in each bin of the dis
the original integration at that time were considered. tributions shown in Figure 20. The weights are given by nor-

malizing the fractions given in Figufé 5 so that the sum oféhe

weights equals 10, the number of bins. With this in mind we
we expect that most of the resonant particles will be seadterfound the factors 88 and 157 that must multiply the estimated
out of the resonance. masses above in the neighborhood of the 2:5 and 1:3 MMR's.

Since we considered an initial uniform distribution of incl The larger multiplying factor obtained for the 1:3 MMR re-

nations between°tand 50, a natural question is how the forma-flects that the distribution of inclinations that yielded&inating
tion of fossilized detached objects depends on the initiglii modes in Figure20 is quite similar to the distribution oflina-
nation. For this we considered all integrations withoutmaipn tions that particles should have near the 1:3 resonancedingo
and plot histograms of the initial inclination of all patés that to Figureb.
experienced at least one instance of a hibernating modetd-ig It is also helpful to consider the great simulation presgnte
shows these histograms for the 2:5 and 1:3 resonancss. IhiSection 2. As noted earlier, there are one case for thee®:5 r
interesting to compare this with Figuré 5, which gives the dionance and another one for the 1:3 resonance where a particle
tribution of inclinations near these resonances for theerical is trapped into MMR and Kozai resonance and eventually es-
integration presented in Sectioh 2. The comparison of tivese cape those resonances. Each of these particles carrielslyoug

11
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timate the amount of mass with low eccentricity near each of

5 | 25 MMR ” those resonances ad.@ 03 Pluto’'s mass.

S S

E £ 6. Conclusions

g 1 2 10 _ _ .

= = We addressed the main aspects of the dynamical formation of
0 0 detached objects close to the 2:5 and 1:3 MMRs with Neptune

0 25 50 0 25 50 from primordial scattered disk particles. Our simulatish®w
that a considerable fraction of the scattered disk pastiatehe
neighborhood of those resonances regch40au at some point
Fig.20. Distribution of initial inclinations of particles that in their orbital evolution. For such an increase in peritlicon-
yielded at least one instance of a hibernating mode episode sidering only the gravitational perturbation of the gialarets,
it is necessary that the particle get captured in exteri@mmao-
tion resonance with Neptune and thereafter experiencedhaiK

inclination (deg.) inclination (deg.)

- resonance, which produces large variations in the inétinand
= _Sé" perihelion. Thus it is possible that several TNOs are ctiyen
3 z undergoing this resonance coupling, showing charadtesisf
£ £ detached objects. But sooner or later, the perihelion witkrdase
g £ and the object may, again, be severely perturbed by Neptune.
© e As in|Gomes|((2011), we also identified the emergence of
- the hibernating mode on patrticles thatfeun the coupling be-
tween MMR+ KR. This mode is characterized by long periods
time (Gy) time (Gy) (t > 100My) of low eccentricity § > 40au) and high inclina-
-~ tion and can be accessed when the amplitude of oscillation of
é” 360 the resonant angle, becomes very high=(100). Through the
b i semi-analytical approach, for the cases of 2:5 and 1:3, we ha
E = shown the topological changes in the energy level curves ass
s 180 E ciated with the hibernating mode. However, if there is nidis
§ g pative mechanism, the particle can return to experienciatbe
S amplitude anti-phase variation of the eccentricity andiation
2 0 o 1s0 3 Characteristic of MMRKR.
. Through experiments considering the residual migration of
time (Gy) omega (deg.) Neptune, we show that the hibernating mode is a preponderant

factor in the formation of fossilized objects with high gegiion,
putside the resonant semimajor axis and without the pdiggibi

of suffering the Kozai mechanism again. Besides these high per-
ihelion fossilized particles we also found objects with ramte
perihelion distance (3% q < 40au) through numerical exper-
iments. They are not associated with the hibernating mode. W
estimate that the ratio of the number of moderate-to-high pe
ihelion objects fossilized near the 2:5 and 1:3 resonances a
2.95:1 and 1.70:1, respectively. It is important to note &osv
f#¥t these ratios must not represent real observations sinc
servational bias makes it easier to observe objects withlama
Srihelia. We also roughly estimated the amount of mass with
eccentricity near either of those resonances .ast® 03

0’s mass.

Fig.21. Evolution of a particle trapped in the 1:3 MMR with
Neptune, experiencing the Kozai resonance and eventunly
hibernating mode. The patrticle starts with a small incliorat
and shows large coupled variations of the eccentricity and i
clination.

0.32 Pluto’s mass, which could be considered as another m
estimate at low eccentricities in the neighborhood of threse
onances. This number is more in accordance with the mass
timate taken from the cases where we consider a longer i
range during which a particle can enter and escape a hiberrﬁ ¢
ing mode. On the other hand, from the two examples taken from As shown here for the resonances 2:5 and 1:3, and 3:8 by
the Nice model numerical simulation, the particles thatdget : - '

) i - Gomes|(2011), the same mechanism could act in other MMRs
tached near the 2:5 and 1:3 resonances are fossilized bebgee ;-\ trans-Neptunian region, forming other groups of cletal

and 09 Gy, thus in the first 15 Gy of Neptune’s residual mi- objects, mostly for MMRs witha < 100au. In principle, since

?artaetrlocrgrx}/r? nfcr)gfne}:S%V;/ga%résg?ﬁleﬁgpgﬁ dirre;gzsggftﬁg]ﬂothere are some MMR with Neptune in the classical Kuiper belt
9 9 .g., 4:7, 3:5, 5:8), it is possible that the same procesfdco

mgﬁt&q%gﬂﬁgg\ézﬁi'getgZgg\r/g?‘sjttﬁg??h?g égemmﬁtsz;iﬂg?wmgh Iso be fective near those resonances and contribute to the for-
P mation of part of hot classical Kuiper belt objects (HCKBOS)

on the_ total mass (particles) at the b_eginning of the ‘”“Wa We can anticipate that in preliminary tests, the hibermatitode
Since in the simulations undertaken in Sects. 4 and 5 we IEPAF, o wved up for some of the resonanceé in the classical belt
artificial limits for discarding the particles the numberprti- However, determining thefieciency of the process, as well as ’
cles in the neighborhood of the resonances decrease mueh fa} relativé contribution to the HCKBOS group, des,erve$h‘e|r

than reality (for instance, considering the numericalgnag¢ion . L : . .
of Section 2) which also entails a fewer particles available investigation that is going to be the subject of future works

Experience .a” the meChamsm. that. produces the fossilieed gcknowledgenmts PIOB acknowledges supports from FAPESP (grants
tached particles thus underestimating the total mass heaet 201708540-9 & 20123719-8) and RSG thanks CNPq for grant 3012087-
resonances. Considering all these factors, we can roughly 2
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