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Highlights

« Solution of the hierarchical three-body problem with nebular drag
implemented into a Kozai cycles plus tidal friction model.

« Contact is implausible via drag alone in the Kuiper belt because the gas
drag is linear with velocity, not quadratic.
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Arrokoth (M U69)

W. Lyra Lyra, Youdin, & Johansen (2021)



MUgo: Dimensions

21 milles
(33 km)




New Horizons Trajectory

MUSS Flyby - 1/1/2019

50 AU from Sun__-,»\
K' 0
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2014 MU69: Discovery

W. Lyra



Cold Classical Kuiper Belt Object
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THE HST LIGHTCURVE OF (486958) 2014 MU.,

S D. Benecchi. S. Porter; M.W. Buie.: A M. Zangari; AJ. Verbiscer; K.S.Noll:S.A. Stern:
JR. Spencer. and A. Parker

o
o
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Gray = Lightcurve Campaign ¢

$ $
g M Y oz

2.4570x106 2.4575x108 2.4580x106
Julian Date (mjd light-time corrected)

—
o
o

H magnitude
S
(4]
—--o-

e
-
o

—
-
(&)

—_ i i MU(;‘) is cithcr'ncarly spherical (a:b axis ratio of 1:1.15), or its pole \Teclor is pointed nc:r the
Q;J 4 Pe rl Od lg ra m line of sight to Earth; this interpretation does not preclude a near-contact binary or bi-lobed object.
O
a3

§2

@

Q.1
w

20 40 60 80 100
Hours 9



Occultation data suggests binary

Occultation by KBO 2014 MUG69 on July 17, 2017

-

Occultation by KBO 2014 MU69 on July 17, 2017

-




Approach sequence:
Contact binary at inclination 99.3°
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Departure sequence: Shape

Old view

spin axis

New view




The Cartoon Image

The Formation of 2014 MUG9

About 4.5 billion years ago... = ' ...1 January 2019.
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A rotating cloud of small, icy bodies starts to Eventually two larger bodies remain. The two bodies slowly spiral closer
coalesce in the outer solar system. until they touch, forming the bi-lobed

object we see today.
& riew Horizons / NASA / JHUAPL / SwRI / James Tuttle Keane

W. Lyra 13



Beyond the cartoon image

How?

W. Lyra



Streaming Instability

The dust drift is hydrodynamically unstable

Youdin & Goodman (2005), Johansen & Youdin (2007),
W Lyra Youdin & Johansen (2007), Squire & Hopkins (2018)



nature

astronomy

In the lookout for binaries

LETTERS

https://doi.org/10.1038/5s41550-019-0806-z

Trans-Neptunian binaries as evidence for
planetesimal formation by the streaming instability

David Nesvorny @', Rixin Li ©?, Andrew N. Youdin®2, Jacob B. Simon ©'3? and William M. Grundy ©*

A critical step toward the emergence of planets in a proto-
planetary disk consists in accretion of planetesimals, bodies
1-1,000km in size, from smaller disk constituents. This pro-
cess is poorly understood partly because we lack good obser-
vational constraints on the complex physical processes that
contribute to planetesimal formation'. In the outer solar sys-
tem, the best place to look for clues is the Kuiper belt, where
icy planetesimals survive to this day. Here we report evi-
dence that Kuiper belt planetesimals formed by the streaming
instability, a process in which aerodynamically concentrated
clumps of pebbles gravitationally collapse into approximately
100-km-class bodies’. Gravitational collapse was previously
suggested to explain the ubiquity of equal-size binaries in the
Kuiper belt**. We analyse new hydrodynamical simulations

local particle-to-gas column density ratio, Z (additional parameters
are discussed in Methods). We adopted 7= 0.3-2, which would cor-
respond to sub-centimetre-size pebbles in the minimum-mass solar
nebula' at 45au if the gas density werereduced by photoevaporation'”,
and Z=0.02-0.1. Other choices of these parameters yield similar
results'*'" as long as the system remains in the SI regime’.

As the time progresses in our simulations (Fig. 1), dense azi-
muthal filaments form, fragment and condense into hundreds of
gravitationally bound clumps. We used an efficient tree-based
algorithm (PLAN; Methods) to identify all clumps (Fig. 1c).
Unfortunately, the resolution in the Athena code does not allow
us to follow the gravitational collapse of each clump to comple-
tion. Instead, we measure the total angular momentum, J, and its z-
component J.=]Jcos#, giving the clump obliquity 6. The total angu-
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Hardening

Sketch by J.T. Keane
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How was angular momentum lost?

Mutual orbit
(i.e., not captured)

*—G

Inferred from:
alignment of component minor axes,
small angular momentum,
similar colors.

Slow merger
(~2 m/s: human walking speed)

Inferred from:
Negligible evidence for impact damage
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MUG9 and Pluto ices are different

MUB9 : Methanol, H,0, HCN Pluto : CH4, Np, CO

I/F

0.25
CH3;0H + H,0O
(Grundy et al. 2019)
0.20- Methane Nitrogen Carbon Monoxide
s : )
/
015 T il + HCN or poly-H,CO?
® 7
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Retention of volatiles

If Pluto is formed from similar bodies to MUG9, they must retain N,

50" T T
Triton -
@
Pluto
@

: ]
:’ Viakemake i
= ® o
) Haumea 1
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= @ 3 . : ,
= Eris : Needs shielding from the sunlight flambeé.
O i
()

Volatiles retained

500 1000 1500 2000 2500
diameter (km)
W. Lyra Brown, Burgasser, & Fraser (2011); Lisse+Lyra ‘20 ”
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Gas Number Flux/Unit Area (Pyou = 0) (#/m?/sec)

Retention of volatiles
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Angular momentum loss via nebular drag

gravity

dra
\ g

For equal mass:

re + 2 = —%9—-
dh
dt T

Exponential decay of angular momentum !

h= h()t’_l/r‘ :

W. Lyra

Angular momentum

Lyra, Youdin, & Johansen (2021)

en the



Hardening during disk lifetime
For unequal mass the physics is similar, the
drag time is just replaced by an effective drag time: pE—

Effective drag time Angular momentum

100 )
1 T2 !
ToMy + Tymy

Toif = (M1 + m2)

]
Exponential decay of angular momentum

| '

0 100 200 300 400
t/To

W. Lyra Lyra, Youdin, & Johansen (2021)



Analytical solution

Exponential decay of angular momentum Exponential decay of semimajor axis Exponential increase of orbital velocity

h = hoe™!/%0 0p = Vg €'/l

Angular momentum Semimajor axis Azimuthal Velocity
100 i 10() ]
5 i | \ 1.3 5 el
1 N e Ly &= L()(’_{/T deie———Fae———Td—1 1 1 s Vp,s = z;(P'(M"/T
. 101, a
~J ~ ;;5- 10 1
——
1 . —2t/
10-14 10-24 Br=ioc== 5
: - Rl contact
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
t/To t/ Ty t/To

W. Lyra Lyra, Youdin, & Johansen (2021)



10" 4

10

W. Lyra

Semimajor axis

10~ 1.

N
1

-« contact

Analytical solution

Time until contact

{7 ao
t=—=In—
2 a

For a=0.1 ry (6000 km), hardening to g,=20km and z2=10" ...

t~ 100 Myr

Lyra, Youdin, & Johansen (2021)



Wind

Low pressur

The gas has some pressure support.

The planetesimal has none.



Wind

Binary orbital velocity ~ 10 cm/s
\")
Solar orbit velocity at 42AU ~ 4.5 km/s
Q=0 (1-1n) ; n~1% (50 m/s) L1 [ L2
y ry ro
Subkeplerian wind on the binary
= 100 times orbital velocity
100 v

W. Lyra Lyra, Youdin, & Johansen (2021)
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Wind solution
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Lyra, Youdin, & Johansen (2021)




Wind solution

Orbit
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025 - Angular momentum loss at constant energy.
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Lyra, Youdin, & Johansen (2021)



Teff (MyT)

Timescales

Drag time vs distance - MMSN

102 5

1023

Wind has a strong effect in the
distances of the asteroid belt.

No effect in the Kuiper belt.

0 /S
-== 1 m/s
-== 10 m/s
— 50 m/s
-== 100 m/s

103

10! 102
r (AU)

33
Lyra, Youdin, & Johansen (2021)



Linear vs quadratic drag

109 ;
] —— General

8
10 ] | s Linear drag
107 oo Quadratic drag
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fdrag(V)
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(a) Re< 10

100

Viscous

10 10° 101
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(d) Re > 200,000

Turbulent

Lyra, Youdin, & Johansen (2021)
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antached vortices

fully turbulent wake
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R (km)
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Linear vs quadratic drag

Drag Times - MMSN
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Lyra, Youdin, & Johansen (2021)
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Test (MyT)

Linear vs quadratic drag

> & -
5 Drag time vs distance - MMSN
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Effect of Inclination

Inclination Semimajor axis Angular Momentum Eccentricity Velocity
. ¥ l L ' ] ¥ L L) L L .0 . bl bl s T v v d s L] L) L L . 1 b . B ¥ » » T ¥ s

e=09 1
e=(7
e=05
e=03
e=0
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Semimajor Axis
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Kozai-Lidov Oscillations

b A
N
/ \
/ \
P \\ Angular
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Invariable plane
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Kozai-Lidov Oscillations
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Kozai-Lidov Oscillations

Position of the Moon
at spacecraft return to Earth

Planet. Space Sci., 1962, Vol. 9, pp. 719 to 759. Pergamon Press Ltd. Printed in Northern Ireland

THE EVOLUTION OF ORBITS OF ARTIFICIAL SATELLITES
OF PLANETS UNDER THE ACTION OF GRAVITATIONAL
PERTURBATIONS OF EXTERNAL BODIES

M. L. LIDOV
Translated by H. F. Cleaves from Iskusstvennye Sputniki Zemli, No. 8, p. 5, 1961.

Until recently, in works devoted to the evolution of the orbits of artificial satellites,
investigations have been made in detail of the influence, on the orbit of the satellite, of the
difference of the gravitational field of the Earth and the central and the influence of the
braking of the satellite in the Earth’s atmosphere. In some works the finer effects of evolu-
tion, connected with the rotation of the Earth’s atmosphere have also been taken into
account. The change in the parameters of the orbits of artificial Earth satellites on account
of the gravitational attraction of the Moon and Sun only has been evaluated. Estimations
have shown that, when near the Earth, artificial satellites experience the slight influence of
other heavenly bodies, which is in practice difficult to observe with present-day means of
measurement. However for the American satellite Vanguard I radio-technical means of
measurement have already proved to be sufficiently accurate in this respect. The treatment
of the results of measurement, in the course of two years of this satellite’s existence, has
shown® that it is impossible to explain the observed evolution of the parameters of the orbit
without taking into account the gravitational influence of the Moon and Sun (and also
pressure of light).

Position of the Moon
at spacecraft launch

SOVIET ASTRONOMY — AJ

VOL. 6, NO. 3

-

NOVEMBER-DECEMBER, 1962

CHRONICLE

CONFERENCE ON GENERAL AND APPLIED PROBLEMS

OF THEORETICAL ASTRONOMY

E. A. Grebenikov

Translated from Astronomicheskii Zhurnal, Vol, 39, No. 3,

pp. 562-564, May-june, 1962
Original article submitted January 29, 1962

In accordance with a resolution of the Presidium of
the USSR Academy of Sciences, a Conference on General
and Applied Problems of Theoretical Astronomy convened
in Moscow on November 20—25, 1961. The Conference
was held in the auditorium of the Sternberg State Astro-
nomical Institute at Moscow State University, About 200
scientists participated in the sessions, including about 80
from out of town. Representatives were present from var-
ious scientific research institutes, universities, and other
institutions of higher education in Moscow, Leningrad,
Kharkov, Novosibirsk, Tiflis, Kazan, Odessa, Riga, Rostov-
on-Don, Kalinin, Vologda, Tallin, and Saransk.

Several scientists from abroad also participated in
the Conference: W, Cowla (United States), Y. Kozai
(United States), J. Kovalevsky (France), K. Schmidt(East
German), E. Tengstrdm (Sweden), and G. J4rnefelt (Fin-
land).

man used the method of compiling finite -difference
equations, and obtained conditions for the stability and
instability of the periodic solutions of a canonical system
stable in the first approximation.

Arnol'd demonstrated the stability of an area-pre-
serving transformation of a plane into itself in the neigh-
borhood of a fixed point of general elliptic type. This
fact has many applications in celestial mechanics. For
example, it implies that the Lagrange periodic solutions
of the restricted three-body problem are stable. Poincaré
has shown that because of small divisors that appear as a
result of integrating the equations of celestial mechanics
in series, the series diverge. Arnol'd has now been able
to construct a converging variant for the theory of per-
turbations even in the degenerate case with the aid of a
modification of Newton's method.

Alkseev's paper gave a thorough and complete sur-
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Yoshihide Kozai (1928-2018)

Citations/Publication Year for 1962A].....67..591K

Secular Perturtetons of Awersids with High Lutination aad Kccomtriciny 120

110 Unrefereed

¥ Refereced
Total citations: 1082
Total referced: 960

100
90
80
70
60
50
40

publication of Morbidelli & Henrard (1991) where
the term “Kozai resonance”™ was coined

30

20
0 1o Jeriliynl LA 1 I.IIII

1962 1970 1978 1986 1994 2002 2010 2018
Publication Year
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Kozai-Lidov Oscillations

Kozai-Lidov cycles
perturbing body (Moon/Jupiter)

...,

' test-particle (satellite/asteroid) K‘ o - central body (Earth/Sun)
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® © & GitHub, Inc. (US) | https://github.com/wlyra/yoshikozai 67% w

Sign in | Sign up |

O Why GitHub? Enterprise Explore Marketplace Pricing

. wlyra / yoshikozai OWatch 1 Kstar 0  YFork 0

<> Code Issues 0 Pull requests 0 Projects 0 Security Insights

«10-11 Kozai Constant

«10-11 Semimajor Axis

Dismiss

Join GitHub today
GitHub is home to over 40 million developers working together to host
and review code, manage projects, and build software together.

Public code for Kozai-Lidov oscillations with tidal friction, permanent quadrupole, and gas drag. E
=
D 2 commits ¥ 1 branch 0 releases 41 1 contributor [~]
e EOTRL cicne o domicnd- | -
B iyra The Kozai code for KTID (Kozai, Tides, J2, and Drag) Latest commit SdfbS47 7 days ago
Makefile The Kozai code for KTJD (Kozai, Tides, J2, and Drag). 7 days ago O
README.md Initial commit 7 days ago
7 days ago

input.in The Kozai code for KTJD (Kozai, Tides, J2, and Drag).

7 days ago

yoshikozai f90 The Kozai code for KTJD (Kozai, Tides, J2, and Drag).
t (Myr) t (Myr)

EE README.md

yoshikozai

Public code for Kozai-Lidov oscillations with tidal friction, permanent quadrupole, and gas drag.

Lyra, Youdin, & Johansen (2021)



Critical Inclination

Initial Inclination vs Semimajor Axis - Kozai only
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Kozai + Tidal Friction + Drag

Initial Inclination vs Semimajor Axis - Kozai only Initial Inclination vs Semimajor Axis - Kozai and Tides
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Effect of Drag

Semimajor Axis Inclination Pericenter
180 -
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A 160 -
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Fine Tuning of Initial Inclination

Inclination Pericenter
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Double-Averaged vs Single-Averaged
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N-body simulations (no tides, J2, or drag)
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N-body simulations (no tides, J2, or drag)
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N-body simulations (no tides, J2, or drag)
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Conclusions

Solved the binary planetesimal problem with gas drag

Contact possible in the asteroid belt within 0.1 Myr (depleted of binaries)

Window of contact increased by J, and drag

Model predictions:
* Velocities at contact should be about 3-4 m/s
Open questions:

* Combine our model with single-averaged Kozai (or N-body)

Lyra, Youdin, & Johansen (2021)

...1 January 2019.

The two bodies slowly spiral closer
until they touch, forming the bi-lobed
object we see today.

Sketch by J.T. Keane
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