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ABSTRACT

We analyse the origin of three Centaurs with perihelia inrdrege 15 AU to 30 AU, incli-
nations above 70and semi-major axes shorter than 100 AU. Based on long-termerical
simulations we conclude that these objects most likelyiogig from the Oort cloud rather
than the Kuiper Belt or Scattered Disc. We estimate thatetlaee currently between 1 and
200 of these high-inclination, high-perihelion Centauithwabsolute magnitudel < 8.
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1 INTRODUCTION the TNO region to reach an inclination above®@0is therefore

. ) surprising that to date there are 13 Centaurs with inclomati
The Centaurs a}re a class of small objects w.andenn.g around th i > 60°, with six of them on retrograde orbits. The only known
realm of the giant planets on unstable orbits. Typicallesth  ogeryoir of small bodies that has many objects on higtiFatibn
ob!ects have a seml-major .aX|s of several .tens of astroradmic orbits is the Oort cloud (e.g. Dones et al., 2004), and thus it
units (AU) and perihelion ¢)in among the giant planets. From probable that these high-inclination Centaurs originatenf the
recent dynamical studies it is believed that the Centaugnate Oort cloud and mimic its inclination distribution. If, iresid, these
from the Kuiper Belt (KB) or Scattered Disc (SD) and form the i inclination and retrograde Centaurs had originatezf
bridge between these trans-Neptunian objects (TNOs) aed th o 1o region, we should have detected tens of thousands of
Jupiter-family comets (JFCs). This conclusion was ma#élat |, inclination Centaurs for every retrograde one. Thisnit
by dynamical studies demonstrating that TNOs regulary@o 0 ¢ase and thus the presence of the high-inclination Genta
onto Centaur orbits (Tiscareno & Malhotra, 2003; Emel'yakte indicates there is an alternative source.
et al. 2005; Di Sisto & Brunini, 2007) and even all the way
down to JFCs (Levison & Duncan, 1997). One common element

among all three studies is that the inclinatiah ¢f the Centaurs Several studies (Levison, 1996; Wiegert & Tremaine, 1999;
tended to remain low: Tiscareno & Malhotra (2003) report a Levison et al., 2006) have demonstrated that it is possibte f
characteristic time-weighted mean Centaur inclination16f, Jupiter and Saturn to extract objects from the Oort cloud] an

while Emel'yanenko et al. (2005) and Di Sisto & Brunini (2007  decrease these planetesimals’ semi-major aXisd several tens
find a comparable value. None of these studies recorded anyof AU. This works as follows: an Oort cloud object that passes
Centaurs withi > 60°. Is this upper value in agreement with an  through perihelion among the giant planets may experiemce a
origin in the TNO region? Brown (2001) computes the de-ldase increase or reduction in its semi-major axis, depending han t

inclination distribution for TNOs and suggests the funatibform closest approach distance to the planets and the lattea'simn
sin(i) exp(—i?/20?), wheres = 13° + 5°. If the Centaurs at perihelion. This process repeats itself at roughly ortsperi-
originate from the TNO region then they should roughly mrethie helion distance with random phasing. Eventually, a smathiner
same inclination distribution. We can then compute the gidhy of objects will have their semi-major axis reduced suffidieto

of finding a Centaur withk > 60°, i.e.p(¢ > 60°), because it become a Centaur. Thus, it is viable that the high-incloraind

is just the complementary cumulative inclination disttibn of retrograde Centaurs with < 15 AU were either extracted and
the Centaur population. Using the nominal value forresults pulled in solely by Jupiter and Saturn, or they could havenbee
in a probabilityp(i > 60°) ~ 107°. From this low value it is decoupled by Uranus and Neptune and subsequently passed to
unsurprising that the above-mentioned studies did notrdeany Saturn and Jupiter who then pulled them all the way down totsho
Centaurs withi > 60°. It appears that for a Centaur to obtain an semi-major axis. However, there are three objects thatinequ
even higher inclination, an external agent is needed. further attention because all of these have 15 AU andi > 70°.

They are beyond of the gravitational control of Saturn angsth
Given the very low probability for a Centaur originatingtino fall into the domain of Uranus and Neptune. The orbital props
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Designation ¢ [AU] a[AU] i [°]  Abs.mag. H)
2002 XU93 20.9 66.6 77.9 8.0
2008 KVv42 21.2 41.8 103.5 8.8
2010 WG9 18.7 53.8 70.2 8.1

Table 1. Orbital data and absolute magnitude for the known high riiaeli
tion, high perihelion Centaurs.

and absolute magnitudeH() of these three objects, taken from
the Minor Planet Centre are listed in Table 1. There is a ptiaien
fourth candidate, 2007 BP102, with semi-major axis 23.9 AU,

q = 17.7 AU andi = 64.8°, but its observational arc is short and
it is probably lost. Thus, we shall not include it.

One of these, 2008 KV42, is retrograde. It dynamics was

heliocentric(a, ¢,7) = (1057,24.1,19.5°). Through numerical
simulations they compare the production rates of objedts li
SQ372 from both the Scattered Disc and the Oort cloud and con-
clude that SQ372 most likely originated from the inner Odoud

(a £ 20000 AU) rather than the Scattered Disc. Additionally, they
state that the Oort cloud most likely dominates the productf
Centaurs with large semi-major axis £ 500 AU), irrespective of
inclination. This was also reported in Elem’yanenko et2005).

Before we continue, we want to point out that there is no
universally-accepted definition of what a Centaur is in trwf
its orbital properties. The Minor Planet Centre (MPC) define
Centaurs as having a perihelion distance beyond the orbit of
Jupiter and a semi-major axis shorter than that of Nepturis; t
classification was also adopted by Gladman et al. (2008)thayt
added the additional constraint that> 7.35 AU. However, the
Jet Propulsion Laboratory (JPL) classification requirest tine

studied by Gladman et al., (2009) who suggested two scenariaSemi-major axis is between those of Jupiter and Neptunesdbj

for its origin: either it is at the extreme end of the inclioat
distribution of TNOs that have become Centaurs, or it pdiota
currently unobserved reservoir. Gladman et al. (2009) outethe
first scenario based on simulation data from Duncan & Levison
(1997), who conclude that even though it is possible to abtai
Centaurs withi > 50°, these are usually tied to Jupiter. Gladman
et al. (2009) state that it is very difficult for Uranus and ey to
decouple this object from Jupiter through a close encoufites
secular oscillations in eccentricity caused by pertudvetifrom
the giant planets are usually too small to directly reachnusa
from Jupiter. Gladman et al. (2009) do not mention whethearodr
this process could work for Centaurs pinned to Saturn, bagon
again the probability of a successful decoupling from Satoy

that haveg in the region of the giant planets but semi-major axis
larger than that of Neptune are classified as ‘Scattering’Dis
objects by Gladman et al. (2008). While this nomenclaturg ma
make sense based on dynamical considerations, we find #at th
semi-major axis restriction makes classification more daraged
because of the objects’ inherent increased mobility: imersus

q for very eccentric orbits. Thus, for this study, we adopt the
traditional definition that a Centaur is a planetesimal vehperi-
helion distance is in between the orbits of Jupiter and NepiLe.

q € (as,an), without a restriction on semi-major axis. This defi-
nition is also used by Tiscareno & Malhotra (2003), Emelsako

et al. (2005) and Di Sisto & Brunini (2007). All objects with
q > an that are not in the Oort cloud:(< 2000 AU) we re-

Uranus or Neptune is a rare event (Brasser & Duncan, 2008). As fer to as TNOs, at times isolating the Kuiper Belt or Scattéésc.

stated earlier, Emel'yanenko et al. (2005) and Di Sisto &riamu
(2007) reported not witnessing any Centaur having an iatitin
above 60.

This paper is divided as follows. In the next section we de-
scribe our numerical simulations. In section 3 we presentabults
from these simulations. In section 4 we derive how many HIHQ

A second mechanism Gladman et al. (2009) suggest is to Centaurs with absolute magnitude < 8 we expect to exist and in

extract the objects from the Oort cloud as their perihelidt dr
sunward under the influence of the Galactic tide. Gladman. et a
(2009) correctly assess that this extraction is a difficuticpss

because the semi-major axis needs to be reduced from over

1000 AU to below 100 AU while keeping > 15 AU at all
times. In other words, the extraction needs to be performed b
Uranus and Neptune alone, without the help of Saturn. Gladma

the last section we draw our conclusions.

2 METHODS: NUMERICAL SIMULATIONS

In order to test whether the HIHQ Centaurs originate from the
Oort cloud or the Scattered Disc, we performed a large nummber

et al. (2009) report not having come across this mechanism in numerical simulations divided into several categoriesec8jzally,

the literature and thus rule it out. They suggest insteatl dha
unobserved population of nearly-isotropic objects residet too
far beyond Neptune and some of these objects have theirgfiarih
decreased sufficiently by external factors that Neptuneaets
them from this reservoir. Unfortunately, there is no obatonal
evidence supporting this claim (Schwamb et al., 2010). Here
show that these high-inclination, high-perihelion (HIHQ8ntaurs
most likely originate from the Oort cloud and are decouplad a
pulled down only by Uranus and Neptune. In other words, there
is only one dynamical pathway for high-inclination Centawith

g > 15 AU rather than the two mentioned above for objects
with ¢ < 15 AU. We demonstrate that the Oort cloud will only
dominate as a source once the inclination is above a cersile v
where contribution from the TNO region becomes unimportant

Our study has a few similarities with Kaib et al. (2009). They
investigated the origin of the Centaur 2006 SQ372, an olyébt

we ran a total of four sets of simulations: two pertaining he t
evolution of the TNO region and two dealing with the Oort dou

The first set of simulations come from Lykawka et al. (2009)
and were used to determine whether or not the TNO region could
be the dominant source of the HIHQ Centaurs. These simakatio
were integrated using the MERCURY package (Chambers, 1999)
and lasted for 4 Gyr with the giant planets on their currebiter
The time step was 0.5 yr. The simulation contained 280000
massless test particles initially placed on Neptune-angssrbits
with a = 30 — 50 AU, ¢ = 25 — 35 AU andi < 20°. Data was
output every 10 kyr and particles were removed when they hit a
planet or were farther than 1 000 AU from the Sun.

A second set of simulations to measure the contribution from
the TNO region was performed. However, unlike the simuretio
of Lykawka et al. (2009), where the giant planets were plamed



their current orbits, these simulations pertain to the @iah of
the trans-Neptunian region over 4 Gyr in the framework of the
Nice model (Tsiganis et al., 2005; Gomes et al., 2005). Thelte

of these simulations shall be discussed in detail in a fortfing
paper. Briefly, these simulations consist of 5 separatelaiions
starting with 5000 test particles each and the giant planats
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their current orbits while the other planetesimals wereatided.
Thus each simulation contained approximately 2 500 tesicpes
(total approximately 200 000). We used SCATR (Kaib et al, )0
instead of Swift RMVS3, for speed. In SCATR the barrier begwe
the heliocentric and the barycentric frame was set to 300 AU,
the time step inside the barrier was once again 0.4 yr and out-

in a more compact configuration. The planets are then evolved side it was 50 yr. The Galactic tide and passing stars wehedad.

through the ‘jumping Jupiter’ evolution of Brasser et al0@2)
using the interpolation method of Petit et al. (2001). Orlce t
planets had settled down, we cloned all remaining test glesti
with heliocentric distance < 3000 AU tenfold by applying a
random variation in the mean anomaly with magnituidi©.
Each simulation had approximately 15000 test particlese Th
simulations were continued for 10 Myr to allow the planets to
reach their current orbits adiabatically and we refer to bildelli

et al. (2010) for a more detailed description of this process
Once the planets had reached their current orbits, we sakkad
simulations over ten CPUs to hasten the evolution. We coatin
the simulations to 500 Myr, 2 Gyr, 3 Gyr and 4 Gyr, cloning the
remaining test particles tenfold at each of these timespixae

4 Gyr. The time step was 0.4 yr and particles were removeereith
when they were farther than 3000 AU from the Sun or came
within 3 solar radii or hit a planet. The terrestrial plane&sre not
included. Data was output every Myr apart from the last Gyergh
the output was every 0.1 Myr. We used data from the last Gyr of
these simulations to compute the contribution of the TNQoreg

to the HIHQ Centaur region.

We determined whether or not the Oort cloud is a feasible
mechanism to generate HIHQ Centaur objects by running € thir
set of numerical simulations. We took the Oort cloud objects
from Brasser et al. (2011), who studied the formation of thetO
cloud while the Sun was in its birth cluster. We cloned eacht Oo
cloud object ten times at the beginning of the simulations by
randomising the three angles longitude of the ascending {od
argument of perihelion«) and mean anomalyM). We believe
this procedure is justified because the phases of the pkmetis
with respect to the Galactic tide are essentially randomnwhe
the Sun’s birth cluster evaporates. The Oort cloud that éarm
in these simulations has an inner edge at approximately 300 A

A last, fourth set of simulations were similar to the third se
apart from the fact that the classical Oort cloud was usedhes
Oort cloud that was formed in the current Galactic environime
rather than during the Sun’s birth cluster (e.g. Dones e28D4).
These simulations were performed to determine whether the
classical Oort cloud could dominate the inner Oort cloudhes t
source of HIHQ Centaurs. The data was taken from Brasser et al
(2010) at 250 Myr and simulated for the remaining 3.8 Gyr. We
chose this early time because Brasser et al. (2010) havensihadv
the median time to form the Oort cloud is of the order a couple o
hundred Myr. In the current environment the formation ofitiveer
Oort cloud takes longer, of the order of 1 Gyr (Dones et al0430
However this reservoir is modelled with the third set of diations
reported above and here we are only interested in produftthom
the outer Oort cloudd = 20000 AU), most of which has formed
in less than 100 Myr. Only particles that were already in tloetO
cloud were used. Once again, the Galactic tide, passing atat
the planets were included. Once again we used SCATR with the
same parameters as above.

3 RESULTS

In this section the results from our numerical simulatiome a
presented.

3.1 Probability and critical inclination

The probability of finding a HIHQ Centaur is essentially givey
the product of the fraction of particles that ever enter thel®

and the outer edge is at about 100000 AU. We ran two sets of Centaur phase multiplied by particle’s fractional lifeénmn the

40 simulations with approximately 30000 test particles acte
(total of the order of 2.5 million). One set of data was takenmf

the Hernquist clusters of Brasser et al. (2011) while thentet
used data from the Plummer clusters. We simulated the éwnlut
of the objects in the cloud for 4 Gyr under the influence of the
Galactic tide and passing stars. The tides were implemarsied)

the method of Levison et al. (2001) with a Galactic density of
0.1 M pc? (Holmberg & Flynn, 2000) and Galactic rotational
velocity 30.5 km s! kpc™! (McMillan & Binney, 2010). The
perturbations from passing stars were included as desktiibe
Heisler et al. (1987) with the stellar spectral data and aigicof
Garcia-Sanchez et al. (2001). We simulated these objeatg us
Swift RMVS3 without the giant planets. Particles were restv
when they came closer to the Sun than 38 AU or when they
were farther than 1 pc from the Sun. These simulations atlowe
us determine which objects potentially reached the giamneis
and which ones stayed in the inner Oort cloud for the age of

HIHQ Centaur state. For TNO simulations the data were aeerag
over the last 500 Myr while for the Oort cloud simulations the
data were averaged over the last 1 Gyr. Output from simulatio
within each set were combined together to improve stasisfibe
typical number of data points (number of particles at eadpuiu
multiplied by the number of outputs) was in the millions.

Using the TNO simulations from Lykawka et al. (2009) (set
1) and the ones from set 2, we computed the probability of a
body being in the HIHQ Centaur state. The probability for QIH
Centaur production turned out to ibe- 2 x 10~° for objects with
q € [15,30] AU, a < 100 AU andi > 65°. This value is almost
the same for both sets of simulations (1 and 2). The similderor
of probabilities for HIHQ Centaurs with> 65° even for different
early Solar System architectures and evolution of the péane
suggests the results are generally robust for Neptuneseteaing
small bodies. Hence the details of the simulations (migmati

the solar system. The time step was 50 yr. On average, 7% of versus no migration) and the type of integrator that wasgoesed

all the planetesimals in the inner Oort cloud came closehéo t
Sun than 38 AU in 4 Gyr. The latter planetesimals were kept and
re-integrated from the beginning with the giant planetsent on

(MERCURY versus SWIFT RMVS3) seem to play a minor role
in determining the intrinsic probabilities for a typical T\source.
From the simulations of both the inner and classical Oomicti(8
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Figure 1. Plot of the probability of finding a HIHQ Centaur as a function
of inclination, p(> ¢). The thick line corresponds to HIHQ Centaurs orig-
inating from the TNO region while the dashed line is for an Qdoud
source. The shaded region corresponds to a TNO source ifdhecoud

to Scattered Disc population ratio is taken into account.

and 4) we also obtained a probability 8f10~° for an Oort cloud
object to obtain a HIHQ Centaur with> 65°. This agreement
in the production probability between objects from the imaed
classical Oort cloud suggests the probability estimateoizist.
These results would suggest that at @iclination both reservoirs
contribute approximately equally, and that we need to gagher
inclinations to determine whether or not one source doramat
over the other. In other words, we need to determine if ther i
critical inclination.

In principle the probability of finding a HIHQ Centaur from
the TNO region is the product of the probability that a TNO
becomes a Centaur with € [15,30] AU anda < 100 AU (ap-
proximately 1%), and the complementary cumulative indlora
distribution, p(> ). A similar argument applies to Oort cloud
objects. Figur€ll plots the probability of obtaining a HIH@®rGaur
from both the TNO region and the Oort cloud as a function of
inclination. The change of slope in the TNO profile at’68
caused by a sample of Centaurs in resonance with Neptunda whic
only became unstable towards the end of the simulation. Mexve
it does not severely affect the general outcome since abbfects
we consider in this study have higher inclinations. The skad
region takes into account the observed population ratiovédoen
the Oort cloud and Scattered Disc, which appears to be batwee
100 to 1000 (Duncan & Levison, 1997). As one can see, if this
population ratio is representative of the reality then tlet@loud
should dominate Centaur population production wgitk [15, 30]
anda < 100 wheni = 40°, but it could be at a much lower
inclination. However, the Oort cloud to Scattered Disc pgapon
ratio is still an open problem and thus the above resultsldhou
only be used as indicative rather than absolute. Insteadeguesfon
the first curve, which meets the Oort cloud probability atiticad
inclinationi. ~ 65°. Thus it is almost certain that HIHQ Centaur
production is dominated by the Oort cloud when the inclorati
1 > 1., irrespective of the Oort cloud to Scattered Disc poputatio
ratio.

In this study we peg the value of the critical inclination
at 70 and we assume that Centaurs with higher inclinations
are exclusively provided by the Oort cloud. This assumpt®on
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Figure 2. Top panels: Evolution of the semi-major axis and perihebén
two inner Oort cloud objects towards the HIHQ Centaur statdtom pan-
els: The evolution of the inclination for both objects.

justified given the results of Fif] 1 above. All three of théeuts
in our sample have an inclinatian> 70° and approximately 1 in
10° Oort cloud objects is in the HIHQ Centaur state at any time.

3.2 Extraction from the Oort cloud toaHIHQ Centaur

The evolution of Oort cloud objects towards the HIHQ Centaur
state is straightforward. Two examples are given in[Figl fop
panels depict the semi-major axis and perihelion distanite w
time. The horizontal lines indicate the positions of thengiglan-
ets, which are indicated by the labels. The bottom panelgtie
evolution of the inclination of these two objects. The inalions

of the three known objects are indicated by the horizontedi

As one can see from the top panels, the perihelion distance of
the object decreases on Gyr time scales. Once it is in thaityici
of Neptune, encounters with this planet reduce the semimaj
axis of the object on a time scale of several hundred Myr. This
lowering of the semi-major axis should occur faster than the
time it takes for the Galactic tide to decrease the perihefiast
Uranus down to Saturn. The Galactic tide causes perturimtio
that decrease the perihelion accordinggtox a” (Duncan et
al., 1987). This scaling suggests that Oort cloud objecth am
initial semi-major axis longer than some maximum valugax,
pass by Uranus and Neptune too quickly for these planetsv® ha
the time to extract them from the cloud. From our simulations
we foundamax ~ 20000 AU, with a median initial semi-major
axis of ~ 3200 AU if the main source is the inner cloud, or
~ 7000 AU if the classical cloud dominates. These values are
in rough agreement with those reported in Kaib et al. (2009).
The discontinuity ing in the plots at 1.4 Gyr is caused by a close
stellar passage and has no bearing on the overall outcomerof o
simulations.

For a long time the perihelion of both objects is pinned to
Uranus with short-period oscillations superimposed oaiised by
the Kozai mechanism (Kozai, 1962), similar to the curremlev
tion of the three known objects. The two fictitious objectpidied
above stay in the HIHQ Centaur state for about 1 Gyr. We fint tha
on average, an Oort cloud object resides in the HIHQ Centzase
for 200 Myr, which was obtained by measuring the total timehea
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Figure 3. Top panel: The steady-state inclination distribution & HIHQ
Centaurs. Bottom panel: the steady-state perihelionilligion of the

HIHQ Centaurs.

HIHQ Centaur resided in this phase and dividing by the tamls
lation time or lifetime of the particle. This typical resitze time is
consistent with that found by Gladman et al. (2009) for thelev
tion of 2008 KV42 and Kaib et al. (2009) for SQ372. In Hi§. 2 we
chose these longer-lived cases for illustrative purpo$g on

3.3 Inclination and perihelion distribution

A natural question to ask is what are the long-term incloraand
perihelion distributions of these objects. We have congbtiese
distributions by recording the inclination and perihelidistance
of each object in the HIHQ Centaur state at each output iaterv
in our simulations. The steady-state inclination and pidn dis-
tributions are depicted in Fif] 3. The distributions arennalised
such that the sum of the bins is unity. The median inclinatfon
104.6 and the mediag is 22 AU. As can be seen the majority of
objects should have their perihelion near Uranus. Apprexdhy
20% of objects have € [100°,110°], exactly where 2008 KV42
was found. The other two objects, 2010 WG9 and 2002 XU93,
are in the first bin. In fact, all three objects are found inrbgion
where the model predicts most objects should be.

Now that we have shown the mechanism behind the produc-
tion of HIHQ Centaurs from the Oort cloud, and what the expéct
perihelion and inclination distribution of these objeats,ave pro-
ceed to estimate how many HIHQ Centaurs there could be.

4 IMPLICATION: NUMBER OF HIHQ CENTAURS AND

OORT CLOUD OBJECTS

Origin of the HIHQ Centaurs 5

the HIHQ Centaurs can originate from both the inner and clas-
sical cloud. This means we cannot isolate one source ovettiee.

Unfortunately we have very little information about theesiz
distribution and total mass of the planetesimals that fakre
first stage of the Oort cloud, apart from the fact that thel to@ss
scattered by Jupiter and Saturn may have been much more than
during the second stage (e.g. Thommes et al., 2003; Levisain e
2010). However, we know much more about the size distributio
and total mass during the second stage. Thus we shall foctigeon
second stage first.

Morbidelli et al. (2009) claim that there were approximgtel
10® objects in the trans-Neptunian disc at the time of the LHB
with H < 8, assuming all these objects had an albedo of 4.5%.
Taking a 3% efficiency for Oort cloud formation in the current
Galactic environment (Dones et al., 2004; Kaib & Quinn, 2008
implies there are at lea8tx 10° Oort cloud objects withd < 8,
and therefore we expect at least 30 HIHQ objects of the sarge si

An alternative estimate is obtained as follows, but thisnly o
applicable to the inner Oort cloud and/or if the inner closdhie
dominant source of HIHQ Centaurs. Schwamb et al. (2010)eargu
that there are between 112* to 595"}, Sedna-like objects
in the inner Oort cloud with semi-major axes < 3000 AU
for objects whose size distribution follows the cold and hot
population KBOs respectively (Fraser et al., 2010). Theorerr
values correspond to 95% confidence levels. The latter \caulel
be problematic because the low formation efficiency of Bras$
al. (2011) would suggest there were more tB&000 Sedna-sized
bodies in the disc, and thus its total mass should have beenase
hundred Earth masses. Nevertheless, we shall use thisagstim
our derivation below.

We take the cumulative slope in absolute magnitude of
KBOs from Fraser et al. (2010), which is = 0.82 for the cold
KBOs anda = 0.35 for the hot KBOs, and assume that the size
distribution of bright KBOs applies to objects with the sasiee
as the HIHQ Centaurs. The absolute magnitude of Sedna is 1.6
(Brown et al., 2004) and thus the number of objects in therinne
Oort cloud withH < 8 ranges froml.175:9 x 10° if a = 0.35 to
2.0779 x 107 if o = 0.82. With a production probability of0—°,
the nominal number of HIHQ Centaurs wifti < 8 is expected
to range from 1 to 200. The former value is too low since more
objects have already been found and the sample is far frongbei
observationally complete. The highest value is also probte
for reasons discussed earlier: too much mass had to exisein t
primordial disc and be deposited in the inner Oort cloud.sT ke
believe that the current number of HIHQ Centaurs is probably
between these two extremes. In any case the direct link leetwe
the HIHQ Centaurs and the Oort cloud could be used to constrai

We can use the dynamics of the Oort cloud to estimate how many Oort cloud formation models and possibly infer the mass &l s

HIHQ Centaurs we would expect. Brasser (2008) suggestdd tha
the Oort cloud formed in two stages: the first state would bccu
while the Sun was in its birth cluster, at the time just aftes t
formation of Jupiter and Saturn, when the gas from the pritiabr

solar nebula was still present. The second stage would occur

some 600 Myr later, at the time of a dynamical instability of
the giant planets, which is thought to have coincided with th
Late Heavy Bombardment of the terrestrial planets (Tsiyaati

al., 2005; Gomes et al., 2005). Thus the Oort cloud is a mextur

of bodies from two sources and as we demonstrated above,

of the primordial solar nebula once more HIHQ Centaur okject
are discovered.

5 CONCLUSIONS

We have analysed the origin of several Centaurs with intbna
above 70, perihelia between 15 AU and 30 AU and semi-major
axes shorter than 100 AU. We call this population the high-
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inclination, high-perihelion Centaurs (HIHQ CentaursheThigh
inclination of these objects, including one retrogradggasts an
origin from the Oort cloud, where the Galactic tide is capabl
substantially modifying the original inclination. We fintatt for
inclinations higher than 70the Oort cloud dominates as a source
over the regular TNO region, which consists of the KuipertBel
and Scattered Disc, although this transition could occarratich
lower inclination, depending on the Oort cloud to Scattebest
population ratio. The steady-state probability of any Gzaud
object residing on a HIHQ Centaur orbit 1§~°. Based on this
probability, and using the typical formation efficiency dgtOort
cloud and the expected number of objects to reside in theesour
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RAS 398, 1715

McMillan, P. J., Binney, J. J. 2010. MNRAS 402, 934
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region, we predict there are between 1 and 200 HIHQ Centaurs 209
with H < 8. Apart from Sedna and new comets, we propose that Thommes, E. W., Duncan, M. J., Levison, H. F. 2003. Icarus 161

the HIHQ Centaurs are the only directly-visible objects tan be
used to constrain the number of Oort cloud objects once they a
observationally complete.
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