


“An Intellect which at a certain moment
would know all forces that set nature in
motion, and all positions of all items of
which nature is composed, ... would
embrace in a single formula the
movements of the greatest bodies of the
universe and those of the tiniest atom;
for such an intellect nothing would be
uncertain and the future just like the past
could be present before its eyes.”

— Pierre Simon Laplace (1814)




“For while comets move in very excentrick
orbs in all manner of positions, blind fate
could never make all the planets move one
and the same way in orbs concentrick,
some inconsiderable irregularities excepted,
which may have risen from the mutual
actions of comets and planets upon one
another, and which will be apt to increase,
till this system wants a reformation”

— Isaac Newton (1717)






"Basic model is forced pendulum.
It is elementary phenomenon of
nonlinear dynamics, a cell, which
forms all the diversity of nonlinear
processes.”

- B. V. Chirikov (1979)
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Eccentricity of Mercury
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(Batygin & Laughlin, 2008)



Eccentricity of Mercury
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uncertainty of Earth’s eccentricity

we will never know (from dynamics alone)
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Chaos biases towards
short-timescale problems



in 2016...




CLUSTERING

Batygin & Morbidelli,

semi-major axis > 250 AU AJ 2017

inclination < 40 deg
perihelion > 30 AU
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angular momentum vectors

CLUSTERING

Batygin, Adams,
Brown, Becker, Phys.R., 2019
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angular momentum vectors

CLUSTERING
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Pichierri & Batygin, 2025 in press
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of orbits + modulation of ellipticity
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angular momentum vectors

CLUSTERING

Batygin & Brown,
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If Planet 9 exists,
It should drive a

steady flux of
long-period
Neptune-

crossing objects
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perihelion distance (AU)

the simulations

= biased simulation data

H biased simulation data
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the data
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accounting for the bias

1. for each discovery distance of real objects, construct a theoretical perihelion distribution from the simulation
2. compute & = CDFTJ. (g;). If model perfectly matches the data, this quantity should be uniformly distributed

3. quantify discrepancy via the statistic: ¢ — Hj.v"bj log(gj) (approaches a Gaussian if \xi is uniform)
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Dec [deg]

All bets on gravity.....
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