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Accretion in the Early Kuiper Belt "

Scott Kenyon & Jane Luu 1998, AJ 115, 2136
Scott Kenyon & Jane Luu 1999, AJ 118, 1101

Sell — Sep 4, 2009

Artist rendering of Eris (2003 UB3,3 ) set against a background of the distant Sun -
and inner solar zodiacal disk — Robert Hurt (IPAC) |

m ARIZONA STATE
UNIVERSITY _ Page 1




- Astrophysics Seminar — Fall 2009 ASU

Outline

@ Introduction to the Kuiperﬁelt

® Problem: Should Neptune"\ pt have prevented Pluto (and other
1000+ km objects) from foriling in the outer Solar system?

N

@® New simulations, isolatingc J
coagulation, fragmentat_i'

e key parameters:
ensile strength, nebula mass

@® Discussion y

® Conclusion: Pluto IiSFOt a figment of our imaginﬂ'on
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Introduction to the Kuiper Belt (anno 1998)

B Kuiper Belt (Edgeworth 1948,1949; Kuiper 1951) is remnant of the
solar nebula (circumsolar disk) |

B Kuiper Belt stretches bey I Neptune: 30 — ~50 (100?) AU,
may have rather abrupt outér edge '
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Introduction (cont’d)

Cartoon representations of Kuiper Belt and Oort Cloud.
(Courtesy: 'http://spaceguard.iasf-roma.inaf.it/NScience/neo/)
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Introduction (cont’d)

B Kuiper Belt is sufficiently @pulated for collisions to oceur

» both merging and coII|S|"aIIy produced dust I|ker |mportant

B Estimated total mass of Ku er Beltis ~ 0.1 Mg

» power-law size distributi@n, with r =1—1500 km;

ISEFRuiper Belt is closest corﬁctlon to cir-
isks’around other stars

%‘ ARIZONA STATE
UNIVERSITY _ Page 5




- Astrophysics Seminar — Fall 2009 ASU

Problems?

V¥ Mass is much smaller than expected from extrapolating the
surface mass density of thelinner solar system |

¥ Mass is far too small to fort

the larger observed KBOs within
the ~10° yr imposed by N |

tune accreting nearby

» Collisional grindic j of objects with r» < 50 krr.

B KBOs- Iarﬁerthan 100 km should be orlglnal remnants from
early solar system

% ARIZONA STATE
UNIVERSITY _ Page 6




- Astrophysics Seminar — Fall 2009 ASU

Current state of models

B Improve upon previous m%dels that:

» follow coagulation of large dust grains into larger grains up
to km-sized planetesimals | |

» follow collission-driven r ' ging into larger bodies
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Current state of models (cont’d) "

V¥ Available models have pr;lems producing one 1000+ km planet
(Pluto) within 100 Myr, let @lone several. |

V¥ Formation process and fi nescale for production and retention

of KBOs still controversial |

'
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Relevant Dynamical Processes

® Gas drag (decreases particle velocities and causes particles
to spiral inward; unimportai : too long a time-scale)

@ Dynamical friction (transfe
bodies)

inetic energy from larger to smaller
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Relevant Dynamical Processes (cont’d)

» Gravitational focusing (in,‘ reases effective cross section of a
body; important for all dynamical processes if » 2 100 km and

Geometrical cross section

|

b =

m 2 10kg) :
|/,

| /

Cross section augmented by
of gravitational focusing

I|

Q[i — planet
|
|
r
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New simulations — Step 1: velocity evolution

Kenyon & Luu 1%9\8, AJd 115, 2136 [Paper I]

V¥ Sanity check of new code.' 1 AU (Wetherill & Steward 1993)
B Model annulus at 35 AU witR width of 6 AU

B Starting conditions based aff observations of other stellar
systems and models of tﬁ protosolar nebula

| Fixed massc ensﬂy of each body of 1 5 g c:m—3

H Total Myt = 7—15 Mg (from minimum-mass solar nebula)
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New simulations (Step 1): Results |

® 1000+ km objects can be p
10—100 Myr in a minimum=mass solar nebula, if'small bodies
with initial radii 80 < » <
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New simulations (Step 1): Results (cont’d)

\ .
@ if larger bodies (~8 km) were present in the protosolar nebula,
then dynamical friction and'Miscous stirring would have

delayed onset of run-awayg@rowth (>100 Myr) or required a
much more massive solg_i i€bula (~100 Mg)

@ if initial bodies were smallf (80 — 800 m), collisional damping
dominates over dynamigal friction and viscous stirring, result-
INg In earlier onsetior un-away growth compared to previous
models withoutwefocity evolution |
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New simulations (Step 1): Caveats "

But: |
. \

V¥ Assumption of homogenou
mals with small velocities €
locity breaks down in late
[hence: simulation were e1b

spatial distribution of planetesi-
ative to their keplerian orbital ve-
dges of run-away growth

V¥ Timescale to run-away Is
of objects, hence fragmg
impact [see: Paper i)/

V¥ Treatment of low=y&locity collisions is uncertain .proximation,
particularly'in the later stages: massive bodies have low rela-
tive velocities and long gravitional ranges!
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New simulations (Step 1): Caveats (cont’d)

V¥V Icy bodies in Kuiper Belt r." gion may not be very strong: colli-
sions at modest velocities may disrupt and prevent any growth!
Only objects larger than 48860 km can survive collisions and
produce larger bodies. ¥ |
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New simulations — Step 2: fragmentation

Kenyon & Luu 19%9, AJd 118, 1101 [Paper Il]

M Essentially same initial conditions as in Paper |

B Collisions result in:

» disruption: debri

Mass comparable to mass ofthe two initial
bodies =" '

@® (2 algorithms for treatment of Craterin'g and disruption)
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Maximum radius as a functie’of time for [LEFT] no or limited velocity evolufion, and [R1GHT] full
velocity evolution. The tfime to runaway growth decreases with inéreasing M. Fragmentation
delays onset of runaway growth, producing more 0.1—10 km objects during this delay, and then
more rapidly grows 100—1000 km objects, by sweeping up the small debris.
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[LEFT] Maximum radius as a fu Etion of strength of the KBOs for M = o- Weak KBOs
fail to grow to Pluto sizes fRTGHT] Cumulative size distributions for a model with fragile KBOs
(Sp=100 ergsg=1Y). ﬂltough runaway growth produces 100 km objects, objects >400 km are
catastrophically disrupted. Low-mass objects with » < 0.1 km are either ejected or ground to

dust that is removed from the system on short timescales for ¢ > 100 Myr.
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New simulations — Results

B Fragmentation and veIocﬂ%evqution are important components
in the formation of present-gay KBOs |
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New simulations — Results (cont’d)

» continued fragmentation apd velocity evolution damp early run-
away growth by increasing the velocity dispersions of small ob-
jects [hence, the mass doesinot all wind up in the single object
that happened to be the big@est early-on]

» unless KBOs are fragileyni
the tip of the power-law. g
mass solar nebula.

sy

» KBOs will form dusty disks around othe(r’e-MS stars,
361 1-100 Mg, have been inferred at 30—-100 AU

where masse
distances.
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New simulations — Conclusion

@® In a consistent simulatioh\hat iIncludes both velocity evolution
and the effects of fragmen_\tion, it is: |

» possible to form several\RBluto-sized objects at 32—-38 AU
» do so in only 30 — 40 Myi |

» for a minimum-mass soldr

' f
g_f

INEASic tensile strength of these icy objects

-

800 ergsg~! and the initial orbits were close

exceeds Sy =
to circular.
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New simulations — Conclusion (cont"d)

® Kenyon & Luu, therefore, Lsolve the apparent paradox of large
KBOs (e.g., Eris, Pluto, Makemake, Haumea, and Sedna are
all larger than 1200 km in‘@liameter) in a small-mass Kuiper
Belt '
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The Kuiper Belt (anno 2009)

\
A

Largest known trans-Neptunian objects (TNOs)

Dysnomia
E-."’ Nix Namaka

( 2003 UB 313) Hydra (2005 FY ) (2003 EL &1)
Eris Pluto Makemake Haumea
d =37.8--97.6 AU d = 29.7--49.3 AU d = 38.5--53.1 AU d =34.7--51.5 AU
t = 557 yr t =248 yr t=310yr t =283 yr
‘ C b
(2003 VB ,.,) (2004 DW) (2002 LM gp) (2000 WR,pg)
Sedna Orcus Quaoar Varuna
d = 76.2--975.6 AU d = 30.3--48.0 AU d = 41.9--45.3 AU d = 40.9--45.3 AU

t=12,059 yr t=245y - t=288yr t =283 yr
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The Kuiper Belt (anno 2009)

@® Thousands of Kuiper BeItijects with = > 100 km known (radii
and masses often very -. ertain; Spitzer mid-IR detéctions

1

@ Not just one or several Plut@$ but possibly 104 objects of Pluto-
like sizes in Pluto-like orbit§kat Pluto-like distances (new minor

outer gas giants, pa#ficularly Neptune, did not form at their
present distan om the Sun but migrated ou'@rd, trapping
KBOs'in resonances (2:1, 3:2, 4:3, 5:3 etc..), explaining Trojan

pop'ullations of Neptune and also the capture of Triton.

&' ARIZONA STATE
UNIVERSITY Page 24




- Astrophysics Seminar — Fall 2009 ASU

The Kuiper Belt (anno 2009) (cont’d)

® Many of the larger discov%ed KBOs have satellites

inate from outside our Solar sys-
formation of large bodies may
to the inner Oort Cloud.

@® Objects like Sedna may ori
tem; or the Kuiper Belt
(somehow) extend all ther

i
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Why were these papers important?

® Systematic step-by-step approach of isolating |mportant pa-
rameters to arrive at a consigtent picture

n this presentation, but invaluable
ay, a PhD project on this topic

® Appendices! Not discussed
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Artist | ‘impression of a collision, resulting in at least some debrls in the Kwper
Belt — lllustration credit: Dan Durda
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