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Aviation: Exploiting Unstable Periodic Orbits of a Chaotic Invariant Set for
Spacecraft Control

NASA B2 R Ihib AR D EFHR K S ARHE AL ISEE-3/IEC
EAPAR=EEIXR 5 FHEE XM

The sensitivity of chaotic systems to small perturbations
can be used to direct system trajectories to a desired
target quickly with very low (or minimum) control energy.
As an example, NASA scientists used small amounts of
residual hydrazine fuel to send the spacecraft ISEE-3/IEC
more than 50 million miles across the solar system,
achieving the first scientific cometary encounter. This
control action utilized the sensitivity to small perturbations
of the three-body problem of celestial mechanics, which
would not be possible in a nonchaotic system since it
normally requires a huge control effort

Celestial Mechanics and Dynamical Astronomy, 87(3): 291-305 (2003)
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e 7 B R Y7

A Brief History of Chaos

350BC

In On the Heavens,
Aristotle writes, “The least
initial deviation from the

truth is multiplied later o
thousandfold,” showing that the ancients
understood that small changes can lead

to big effects.

WELTZE (1384-322)
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RUAR".

27 ). Gleick, Chaos: Making a New Science. 1987. FEAR (GREIEFZEE)
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Edward Norton Lorenz
(1917-2008)
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Lorenz F 1991 fF 5%k Kyoto Prize for
“his boldest scientific achievement in
discovering ‘deterministic chaos,’

a principle which has profoundly
Influenced a wide range of basic
sciences and brought about one of the
most dramatic changes in mankind’s
view of nature since Sir Isaac Newton.”




Lorenz received the Kyoto Prize in 1991

(A diploma, a 20K gold Kyoto Prize medal, and 50 million yen prize money)
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Lorenz System

X =a(y-Xx)

J/\

Yy=CX—XZ—-Y

Z=Xy-bhz,

a=10,b=8/3,c =28
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E. N. Lorenz, "Deterministic nonperiodic flow,”
Journal of the Atmospheric Sciences, 20: 130-141, 1963
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J. Gleick, Chaos: Making a New Science. 1987 #E A (CREZFZE)




“Does the flap of a butterfly's wings in Brazil set off
a tornado in Texas?” — Edward N. Lorenz
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1966 JE/RZ (Fields)3 +
20074E3K /R K (Wolf)3E: 1/14
REIEL Y D RIER — ,
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FiEREZI DR REfZE: “--FREK (1930-)
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Mary Lucy Cartwright (1900-1998) oy
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“In 1960 in Rio de Janeiro | was receiving support from the National
Science Foundation (NSF) of the United States as a postdoctoral fellow,
while doing research in an area of mathematics which was to become
the theory of chaos. Subsequently questions were raised about my
having used U.S. taxpayer's money for this research done on the
beaches of Rio. ” [Critique came from the then NSF director D. Hornig]

“What happened during the passage of time from the work on the
beaches to this national condemnation?”

“Thus ‘... the mathematics created on the beaches of Rio ...” (Hornig)
was the horseshoe and the higher-dimensional Poincare's conjecture.”

S. Smale: Finding a Horseshoe on the Beaches of Rio (1998)
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Georg Cantor
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M3k 1986 FIER LK
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¥ — k(1 —x%)x + x = bkA cos(At + a)
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John William Strutt, 1842-1919) BIARERFME, BED
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van der Pol
(1889-1959)
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Chua’s Circuit

Circuit equations: Dimensionless Form: ‘V\';V
L)1) X=a =) LV
d¢ RC,'° Y C, " , 35 v ;

’ . V=X—-Yy+2Z R ==C. B

2 = (Vl_v2)+—iL 5 __ i €l \
dt RC, C, Z=—Y DA IR 1 g
da, 1

dt L ° m,

1 My
f(Vl): m\v, +§(m0 o ml)(‘vl +b1‘ _‘Vl _bl‘) b,
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BERUEE: Logistic BRET

x(k+1)=ax(k)[1—x(k)]

————————————————————————

_______________________

————————————————————————

_______________________



Logistic Map x(k+1) =ax(k)[1—x(k)]

a = 3.000

1 1
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Example:

27X
(BHEED > RiE)

A =33 > x(k+1)=3.3x(k) (1-x(k))
Start from: k=0
X(0) = 0.479

X(1) = 3.3 x 0.479 (1-0.479 ) = 0.824
X(2) = 3.3 x 0.824 (1-0.824 ) = 0.479

X(3) = 3.3 x 0.479 (1-0.479) = 0.824
X(4) = 3.3 x 0.824 (1-0.824 ) = 0.479

X(5) = 3.3 x 0.479 (1-0.479 ) = 0.824
X(6) = 3.3 x 0.824 (1-0.824 ) = 0.479

1.0

0.8

X A
04 —

0.2

0.0 I I I I I I I I I I I
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0.8 =

06 4
X 4
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24 26 28 30 32

Logistic Map has self-similarity — Fractal structure



The logistic map
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2010 Fashion Show in Tokyo

Courtesy of Kazu Aihara
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The Essence of T # 40 A BUR AR 1

The Essence of Chaos

(i T B AR Joi

[#] E.N. st64 &

Edward Lorenz

54k K o#
" ...a man sneezing in China “ A AFEHET A T AL
may set people to shoveling AAMERLESGSE,

snow in New York."
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James A. Yorke
(1941-)

THE AMERICAN MATHEMATICAL
MONTHLY o

(ZE#HFATD
American Mathematical Monthly

TEEFEIB IS IR A

19733 —1REENTEF, £E
OBRXREZEHFERE, HAELTE
HNZEXEXRE T SHATHDAE

295 : “I've read Lorenz’s paper.
Now, | have a good idea for you!”

Z=KE: “Really? Is your idea
good enough for the Monthly?”

2955 : "Yes - AHI=BKRERIE”

EREWAERIERT: AR
idea 72 XTHY

Tien-Yien Li X&H
(1945-2020 )
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HiE > rgljﬂlh_f‘llﬁ%k)lk SRIEE (chaotic)”

X Z “Period Three Implies Chaos” B/,
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MEEXFSTER -

1973 B OE=KZH “£WEEFEE", Robert M May i i5{i{
7 BEf— J*]EI'J HEEE .

i E—Xif T SMEZKA Logistic MRS,

A eiA B EN G BRE X TF- N5 IR X EHiFE ﬂi’.ET
feEEZzEAIC—IR, NEhEETEMRET ﬂﬂﬂ’]ﬁ%

WRERETMMHERENNAE, HIGE: TV RIS

-
X

HHP\]E‘SI'EE—E , ZTARHER, ABFETEE

31131)4

=
iZfC% REF MBI ZHE E#EH T Chaos X—& K,
FEE—REEFE E ™15\ T Chaos BYE X .
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BK, 5532 K% R T KA (Sharkovsky)
10 BT R E R 7 S AR EEE—HH
EH—MAOER, 19645 ABRXERER A
NFEREMEE (SREKFRE) L.

> }

Oleksandr M.

“‘EHI=ERESMER [ERAEFLIN] Sharkovsky
(1936 - 2022 )
AiF, WMol RETEAIEXEIXE “Chaos”,

F AR EBESRELEELT, ROEEE
H95E —#P4> — Chaos
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AEZEE, REHZE: HFATZE, BFLHhR=Z
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I’m sorry for any fool who rates sleep a prime blessing.
And enjoys it from dusk till dawn.

Night in, night out. What’s sleep but cold death’s reflection?

- {5 Elegy 9b’(Peter Green i¥)
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Early Solar System May Have Been Chaotic
Place

Posted on: Thursday, 26 May 2005, 00:50 CDT

Astrobiology Magazine -- People of every culture have heen fascinated by the
dark "spots' on the Moon, which seemto compose the figure of a rahhit, frogs or
the face of a clown. With the Apollo missions, scientists found that these features
are actually huge impact hasins that were flooded with now-solidified lava.

One surprise was that these basins formed relatively late in the higtory of the
. early solar system-- approximately Y00 million years after the formation of the

, e Earth and Moon. Mary scientists now helieve that these lunar impact basins hear
Pownoad iy sizymage witness to a huge spike in the bombardment rate of the planets — called the late
heavy bombardment {(LHB). The cause of such an intense homhbardment,
however, is considered by many to he one of the hest-preserved nysteries of solar system history.

In a series of three papers published in this week's issue of the journal Nature, an international team of planetary scientists, Rodney
Gomes (National Ohservatory of Brazil), Harold Levison {Southwest Resegrch Institute, United States), Alessandro Morhidelli
{Ohservatoire de la Cote d'Azur, France) and Kleomenis Tsiganis (OCA University of Thessaloniki, Greece) -- hrought together by
avisitor program hosted at the Observatoire de la Cdte d'Azur in Nice — prpposed a model that not only naturally solves the mystery of
the origin ofthe LHB, but also explains many of the observed characteristifs of the outer planetary system.
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Performing your original search, Science 283, 1877 , in Science will retrieve 80 results.

Science 19 March 1999:
Vol 2045..n0. 5403, pp. 16877 - 1881
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The Origin From the Academy

N. Murray, ' M .
cessica anay CHA0S and stability of the solar system

resolved by an Renu Malhotra*f, Matthew Holman*, and Takashi Ito$

mean motion re
; " *University of Arizona, Tucson, AZ 85721; *Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138; and 5National Astronomical Observatory,
[ifetime of Uran Tokyo 181, Japan

[ZJI’O'[ODBI‘I etary « Over the last two decades, there has come about a recognition that chaotic dynamics is pervasive in the solar system. We now understand

that the orbits of small members of the solar system—asteroids, comets, and interplanetary dust—are chaotic and undergo large changes
1 Canadian Inst  on geological time scales. Are the major planets’ orbits also chaotic? The answer is not straightforward, and the subtleties have prompted
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From the Academy

Chaos and stability of the solar system

Renu Malhotra*t, Matthew Holman?*, and Takashi Ito®

*University of Arizona, Tucson, AZ 85721; *Harvard-Smithsonian Center for Astrophysics, Cambridge, MA 02138; and SNational Astronomical Observatory,
Tokyo 181, Japan

Over the last two decades, there has come about a recognition that chaotic dynamics is pervasive in the solar system. We now understand
that the orbits of small members of the solar system—asteroids, comets, and interplanetary dust—are chaotic and undergo large changes
on geological time scales. Are the major planets’ orbits also chaotic? The answer is not straightforward, and the subtleties have prompted

new questions.

We also ask, how typical is our planetary system in the galaxy?
What are the charas:tenshcs ofastable planetary SyStem orofone This paper is a summary of a session presented at the third annual Japanese-American
that harbors a habitable planet? Frontiers of Science symposium, held September 22-24, 2000, at the Arnold and Mabel

In the last two decades remarkable advances in digital computer Beckman Center of the National Academies of Science and Engineering in Irvine, CA.
speed, the development of new numerical techniques, and the To whom reprint requests should be addressed. E-mail: renu@lpl arizona_ edu.

12342-12343 | PNAS | October23,2001 | vol 98 | no. 22 Www phas.org/cgi/doi/10.1073/phas.231384098

Commuting and
pandemic prediction




letters to nature

LR R R R R

Chaos-assisted caplure of
irregular moons

Sergey A. Astakhov*, Amdrew D Burbankst, Stephen Wiyginst
& David Farrelly*

* Department of Chemistry & Biochesmustry, Utah State Untversity, Logan,
Utah 84322-0300, USA
1 School of Mathematics, University of Bristol, Bristol BS8 1TW, UK

It has been thought'™ that the capture of irregular moons—with
non-circular orbits—by giant planets occurs by a process in
which they are first temporarily trapped by gravity inside the
planet’s Hill sphere (the region where planetary gravity dom-
inates over solar tides*). The capture of the moons is then made
permanent by dissipative energy loss (for example, gas drag’) or
planetary growth®. But the observed distributions of orbital
inclinations, which now include numerous newly discovered
moons®?, cannot be explained using current models. Here we
show that irregular satellites are captured in a thin spatial region
where orbits are chaotic’, and that the resulting orbit is either
prograde or retrograde depending on the initial energy. Dissipa-
tion then switches these long-lived chaotic orbits'® into nearby
regular (non-chaotic) zones from which escape is impossible. The
chaotic layer therefore dictates the final inclinations of the
captured moons. We confirm this with three-dimensional
Monte Carlo simulations that include nebular drag>*', and
find good agreement with the observed inclination distributions
of irregular moons at Jupiter” and Saturn®. In particular, Saturn
has more prograde irregular moons than Jupiter, which we can
explain as a result of the chaotic prograde progenitors being
more efficiently swept away from Jupiter by its galilean moons.
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Puzzling Neptune Trojans

Francesco Marzari

rojan asteroids are small bodies that
T revolve about the Sun at the same dis-
tance as their host planet and share the
planet’s orbital path. They are locked at the two
gravitationally stable locations, called triangu-
lar Lagrangian points, in distinct clouds that
lead or trail the planet by about 60° (see
the figure). Jupiter has the most of these
Trojans, which are small
rocky-icy bodies with
diameters less than
300 km and are simi-
lar in composition to
other minor bodies
such as short-period
comets, Kuiper Belt
objects (KBOs), and
Centaurs, small bod-
ies that orbit between
Jupiter and Neptune.
About 2000 Jupiter
Trojans are known to-
day, but astronomers
believe there may be
as many of these asteroids in the kilometer-size
range as there are main-belt asteroids (/). Four
asteroids are also known to orbit in the
Lagrangian points for Mars; these mi i
bly be rare remna anctesimals that
fo nrthic terrestrial planet region. More-
over, Trojans are now known to gather near
Neptune, and on page 511 of this issue,
Sheppard and Trujillo report the discovery of
the fourth such object (2), with important impli-
cations for theories of solar system formation.
Scientists theorize that Trojans are pristine
bodies that originated very early in the history
of the solar system and were captured in the
final phase of planet formation. Different the-

The author is in the Department of Physics, University of
Padova, Via Marzolo 8, Padova 1-35131, Italy. E-mail:
francesco.marzari@pd.infn.it

ories, not necessarily mutually exclusive, have
been proposed to explain how planetesimals
passing close to a planet fall into the force traps
around the Lagrangian points. Among these
are broadening of the tadpole-shaped regions
of stable Trojan motion around the triangular
Lagrangian points because of the growth of the
planet’s mass, direct collisional placement,

L4 Trojans

drag-driven capture in the presence of the
gaseous nebula, and chaotic trapping during
giant planet migration (see below). There is as
yet no general consensus on the source region
of putative Trojans in the planetesimal disk.
Some capture mechanisms demand that they
formed near the planet’s orbit, thus reflecting
the physical and chemical composition of the
planetary building blocks. The recent theory of
chaotic capture, suggesting that planetesimals
in temporary Trojan trajectories can be frozen
into stable orbits as soon as planetary migra-
tion drives the host planet far away from a
dynamically perturbed region (3), opens the
possibility that Trojans might have formed in
more distant regions of the planetesimal disk
of the early solar system, sharing the same
environment as KBOs.

In the course of the Deep Ecliptic Survey, a

An asteroid has been found in a highly inclined
path co-orbiting with Neptune. Its discovery
may help explain the evolution of the outer
solar system.

NASA-funded survey of the outer solar sys-
tem, astronomers announced in 2001 the dis-
covery of the first known member of a long-
sought population of bodies: the Neptune
Trojans. Sheppard and Trujillo report the dis-
covery of the fourth object in this group, which
is noteworthy in that it exhibits a high inclined
orbit (about 25°). This finding strongly sup-

Neptune
-

L5 Trojans

Unusual asteroids. Trojan asteroids, small bodies that co-orbit with a planet in stable leading or trailing locations, are known to accom-
pany Jupiter. They have also been discovered near Neptune, and Sheppard and Trujillo have now identified one with a highly inclined orbit.

ports the idea that Neptune Trojans fill a thick
disk with a population comparable to, or even
larger than, that of Jupiter Trojans. At the same
time, the discovery puts constraints on the
mechanism by which they were captured.
What makes the Neptune Trojans so special
for astronomers? According to recent theories,
the outer solar system might have been a
tumultuous environment. During the last stage
of planetary formation, the giant planets may
have migrated away from their formation sites
by exchanging angular momentum with the
residual planetesimal disk. Jupiter drifted
inward, although only slightly, whereas Saturn,
Uranus, and Neptune migrated outward by
larger amounts. This past planetary migration
explains many of the observable characteris-
tics of KBOs, in particular of the resonant
ones called Plutinos. However, the migration

www.sciencemag.org SCIENCE VOL 313 28 JULY 2006

Published by AAAS
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Academic Publication Formation of Kuiper-belt binaries through multiple chaotic scattering encounters with low-mass int.

Formation of Kuiper-belt binaries through multiple chaotic scattering encounters with low- =l

mass intruders (Citations: 6)

Sergey A. Astakhov, Ernestine A.Lee, David Farrelly

The discovery that many trans-neptunian objects exist in pairs, or hinaries, is proving invaluable for shedding light on the
formation, evolution and structure of the outer Solar system. Based on recent systematic searches it has been estimated that
up to 10% of Kuiper-belt objects might be binaries. However, all examples discovered to-date are unusual, as compared to
near-Earth and main-belt asteroid binaries, for their mass ratios of order unity and their large, eccentric orbits. In this atticle we
propose a common dynamical origin for these compositional and orbital properties based on four-body simulations in the Hill
approximation. Our calculations suggest that hinaries are produced through the following chain of events: initially, long-lived
guasi-bound binaries form by two bodies getting entangled in thin layers of dynamical chaos produced by solar tides within the
Hill sphere. Mext, energy transfer through gravitational scattering with a low-mass intruder nudges the binary into a nearby
norkchaotic, stable zone of phase space. Finally, the hinary hardens (loses energy) through a series of relatively gentle
gravitational scattering encounters with further intruders. This produces binary orbits that are well fitted by Kepler ellipses.
Dynamically, the overall process is strongly favored if the original quasi-bound binary contains comparable masses. We
propose a simplified model of chaotic scattering to explain these results. Our findings suggest that the ohserved preference for
roughly equal mass ratio binares is probably a real effect; that is, it is not primarily due to an ohservational bias forwidely
separated, comparably bright objects. Nevertheless, we predict that a sizeable population of very unequal mass Kuiper-belt
hinaries is likely awaiting discovery.

Published in 2009.

DOI: 10.1111/.1365-2966.2005.09072 %
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itself is an idealized and non-unique fit to the HST data. Although the dynamical and scattered-light models
do not agree perfectly, lower planet masses are still inferred because they do not produce broad tails of
emission at @ > ~140 AU. At @ > ~160 AU, the HST data are too uncertain to constrain any model.

Fomalhaut b BER 2008 VOL 322 SCIENCE www.sciencemag.org
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Long-term stability for the Bb planetary-like object
in the triple stellar system Gl 22

Manuel Andrade and José Angel Docobo
Astronomical Observatory R. M. Aller
Universidade de Santiago de Compostela

15782 Santiago de Compostela, Spain.

Abstract

We analyse the long-term stability for a planetary-like object (16 M) recently
discovered orbiting the B component in the hierarchical system of three low-mass

stars Gl 22 AB. A complete solution for the planetary orbit agsuming an approxi-

mately coplanar and circular orbit has been obtained.

As regards the planet-like object stability, carried out by means of a (24 2)-body

model, we observe a behaviour that suggests that although for a relatively long time

the motion looks stable, we can not discard that it could became chaotic later.



XBHRIMTE

KX¥EE16 (16 Cygni)
MNFRBEN=EERY,
PEEHERZ970EE

eccentricity of the
planet orbiting 16 Cygni B

Matthew Holman*, Jihad Toumai & Scott Tremaine*

* Canadian Institute for Theoretical Astrophysics, T CIAR Program in Cosmology
and Gravitation, McLennan Physical Laboratories, University of Toronto,

60 St George Street, Toronto, Ontario M5S 3HS8, Canada

t The University of Texas, McDonald Observatory, RLM 16.228, Austin,

Texas 78712, USA

The planet recently discovered' orbiting the star 16 Cyg B has the
largest eccentricity (e = 0.67) of any known planet. Planets that
form in circumstellar disks are expected to have nearly circular
orbits, although gravitational interactions in a system of two or
more planets could generate high-eccentricity orbits®’. Here we
suggest that the eccentric orbit of 16 Cyg Bb arises from gravita-
tional interactions with the distant companion star, 16 Cyg A.
Assuming that 16 Cyg Bb formed in a nearly circular orbit, with
the orbital plane inclined between 45° and 135° to the orbital
plane of 16 Cyg A, and that there are no other planets with a mass
similar to that of Jupiter within 30 astronomical units (au, the
average distance between the Earth and the Sun), then 16 Cyg Bb
will oscillate between low-eccentricity and high-eccentricity
orbits. The transitions between these orbits should occur every
10’-10° years, with the planet spending up to 35 per cent of its
lifetime with an eccentricity e > 0.6. These results imply that
planetary orbits in binary stellar systems commonly experience
periods of high eccentricity and dynamical chaos, and that such
planets may occasionally collide with the primary star.
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Global Dynamics and Stability Limits for Planetary Systems
around HD 12661, HD 38529, HD 37124, and HD 160691

Ludmila Kiseleva-Eggleton >

Department of Mathematics and Computer Science, School of Science, St. Mary's College of California,
Moraga, CA 94575; lkissele(@stmarys-ca.edu

Eric Bois and Nicolas Rambaux

Observatoire de Bordeaux, 2 rue d'Observatoire, B.P. 89, F-33270 Floirac, France; bois(@observ.ii-

bordeaux.fr, rambaux@observ.u-bordeaux.fr

and
Rudolf Dvorak
Institute of Astronomy, University of Vienna, Tilrkenschanzstrasse 17, A-1180 Vienna, Austria;

dvoraki@astro.univie.ac.at
Received 2002 July 19; accepted 2002 September 13; published 2002 September 24

ABSTRACT

In order to distinguish between regular and chaotic planetary orbits, we apply a new technique, called the
mean exponential growth factor of nearby orbits (MEGNO), in a wide neighborhood of orbital
parameters determined using standard two-body Keplerian fits for the HD 12661, HD 38529, HD 37124,
and HD 160691 planetary systems. We show that the currently announced orbital parameters place these
systems in very different situations from the point of view of dynamical stability. While HD 38529 and
HD 37124 are located within large stability zones in the phase space around their determined orbits, the
preliminary orbits in HD 160691 are highly unstable. The orbital parameters of the HD 12661 planets are
located in a border region between stable and unstable dynamical regimes, so while its currently
determined orbital parameters produce stable regular orbits, a minor change within the margin of error of
just one parameter may result in a chaotic dynamical system.

Subject headings: celestial mechanics; stellar dynamics; planetary systems; stars: individual (HD 12661,
HD 37124, HD 38529, HD 160691)

1 This work was carried out at Observatoire de Bordeaux (Université de BordeauxI), France.
2 Also a participating guest at Institute of Geophysics and Planetary Physics, Lawrence Livermore National Laboratory, L-
413, 7000 East Avenue, Livermore, CA 94550.



ERFREANVZAKEIIEXRERE

© AFP/Getly Images

ZRMIUR-2TUHERBFNERER, anZRETHE. ZRNIGRETHE, UEBMWHEARX
EEALZHBMITBRENTA. BRPIHAERIANERRSE. HEEMIREYE.

http://mews.sciencenet.cn/htmlnews/2011/6/248763.shtm?1d=248763




BRFHNARMEREN, FT=17?

EnfEe , iEibEkiEid 90 (Z5EE !

ai

Fio

448 - Steed 4RiEHRF Bad Astronomy , THE FARTHEST STAR
55 ( guokr.com ) 2017-07-13

9 Billion Light Years
from Earth




A

kY

Z

AA

RBNERE—TZERE X THNREEEIE :

v
P
-
N
=
<
o]
a\
N
—
=
T
o,
QO
<=
—

Information Preservation and Weather Forecasting for Black

Holes*

S. W. Hawking!
IDAMTP, University of Cambridge, UK

Abstract

It has been suggested [1] that the resolution of the information paradox for evaporating black
holes is that the holes are surrounded by firewalls, bolts of outgoing radiation that would destroy
any infalling observer. Such firewalls would break the CPT invariance of quantum gravity and seem
to be ruled out on other grounds. A different resolution of the paradox is proposed, namely that
gravitational collapse produces apparent horizons but no event horizons behind which information is
lost. This proposal is supported by ADS-CFEF'T and is the only resolution of the paradox compatible
with CPT. The collapse to form a black hole will in general be chaotic and the dual CFT on the
boundary of ADS will be turbulent. Thus, like weather forecasting on Earth, information will

effectively be lost, although there would be no loss of unitarity.
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