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Oort cloud hypothesis
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Jupiter-family comets Halley-type comels
P<20yr EDyr{P{EDGyr
P>200yr

- HE3

Short permd comets
P<200yr
Old comets (elliptic orbit) New comets (parabolic orbit)

\ Long period comets

Comets



ULLETIN OF THE ASTRONOMICAL INSTITUTES
OF THE NETHERLANDS
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Role of IOC >
- Kuiper Belt, scattered disk

* replenish the QOC
* comet shower

Credit: Dones, KBO Workshop, 87172003
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Formation of the OC

Protoplanetary disc Scattered disc (SD) Oort cloud (OC)
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Formed In the solar nebula
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Protoplanetary disc

sl objects
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Form OC, S0 and planets e —— -*
simultaneously Oort cloud (OC)



Steal 1t frorr]mbrothers

(Gas drag Problem!!! L evison et al., Science, 2010




Dynamically hot disc

Formation of both SD and OC during the migration of Neptune.

bal) Pl

aft

Nsd:Noc=1:12 v.s. 1:44 (Brasser & Morbidelli, |carus, 2013)
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Fvolution of the Oort cloud

_ Stellar encounters: nearby stars

™




(Galactic tide
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comet flux and tide modulated
by the solar_ motion

4a-05

Simulated comet flux

Detrended comet tlux
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(Feng & Baller-dones, MNRAS, 2014)



Stellar encounters

AV, AV, Hr

The change of comet velocity with respect to the Sun is

Av. = AV, — AV,
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Anisotropic LPCs

galactic aphelia

new class | comets




Anisotropic Galactic tide
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Anisotropic encounters

Solar apex
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Anisotropic LPCs
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No need to invoke planet X to explain this.



Lo L o

Cort Cluisdl parturlied by sludlar prscpanters

.
w8

ST 0
LEt R
VIGEES |

(FR- T

L
e

el
B

L
B
(L
il.KE
Ll
i §
B

Ik

itlli[;lllli

LA
pipty

ary

&2l
1F

s of LPCa 11

@ i M e o w e e

|

!

1
]
i}




Qutline

Oort cloud hypothesis

Formation of the Qort cloud

Evolution of the Oort cloud

- Terrestrial impacts and mass extinctions

FPlanet nine hypothesis

lake-home message



lerrestrial Impacts and mass
extinctions

A top-down procedure to model
comet impacts

= E




Probability Density
0.0030 0.0040

lide-induced comet impacts

|

."

|

N
!

/

Tk

150
Time BP/Myr

VI

250




Encounter-induced comet

impacts
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Cometary impactrate (CIR)=
Tide-induced impact rate + Encounters-induced impact rate



Probability Density
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Asteroid Impacts and crater-
discovery rate
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Trend= Asteroid impact + Discovery rate



Increasing impact rate

The terrestrial impact rate has been increasing
fowards the present over the past 250 Myr.
Long period comets only play a minor role Iin
Impacting the kEarth.

The increasing impact rate could either be caused
by the disruption of a large asteroid or by comet

shower triggered by close encounters.



Vlass extinctions




Bulld models

stellar density




Random mass extinctions

There is no strong connection between the solar

motion and extinction events.
The mass extinction rate is not periodic.

Mass exiinctions are probably caused by multiple
factors.
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Planet nine hypothesis

| Perihelion=s/6 AU

Sedna belongs o the
inner Oort cloud?

=
—

uﬁ@cwered by Brown, Trujillo, Habinowitz in 2004



Planet nine hypothesis
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Sheep & Dog analogy



Problems of the planet 9
hypothesis

« The orbit of planet 9 Is too wide (a~1000 AU), and is easy

to be disrupted by stellar encounters (Li & Adams, ApijL,
2016).

« The formation of planet 9 requires fine-tuned initial
conditions, e.g. captured from a brother star, which pass
with a distance of around 150 AU, and has a wide orbit

planet and the capture procedure is also fine tuned (Li &
Adams, ApdL, 2016; Mustll et al., MNRASL, 2016).

« |t will impose tidal force on the OC with preferred
directions, and induce anisotropic LPCs which is
inconsistent with observations.



Encounter X
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Aphelia of LC LPCs
*x  Aphelia of new LPCs

-60 +  Encounter perihelion

- Encounter trajectory
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Precession

* [he precession time scale of
Sedna-like objects is around

10 Myr.

e One star per Myr
approaches the Sun within
20,000 AU.

50 at least one star has
penetrated the |OC during
the past 10 Myr.

e Hence It is possible that a
close encounter has

delivered the Sedna-like

objects from the |OC to their
current orbits.
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lake-home message

The Oort cloud probably formed during the migration of
MNeptune to its current orbit.

The anisotropic LPCs could be explained by stellar
encounters and the Galactic tide without invoking planet X.

The cometary impacts probably only play a minor role in
the formation of craters and In triggering mass extinctions

on the Earth.

The orbital alignment of Sedna-like objects might not be
caused by planet nine but by encounter X.



