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The interplanetary transport network

Tamiki Komatsuzaki
Nonlinear Science Laboratory,
partment of Earth and Planetary Sciences,
Faculty of Science, Kobe University, Japan

Product




e T o R SRR
P o J_Tl."' I;.I'I'F,E'.ha rr{@-.lg._uk_[;-u;:-_:.»}-: R

'!E.- 5_1;11_” Ftl:h.' 1354,
: & v
Bl P e ;'lf-.ﬂipr-l'j:m Tmﬁ:ﬂqmﬂi € Esurlrnm de li l?hq.lh ds K} Jein W57 oo

A hypothetical comet of 1857 collides with Earth In
this 19th century French cartoon



Henri Poincare
(France, 1854-1912)






G. Horti, Pub. Astro. Soc. of Japan 18, 287(1966);19, 1967(1967);J.R. Cary, Phys. Rep. 79,130(1980)
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small-denominator problem
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Henon-Helles 1960

1 1 1
H=§(pr+py2)+§(x2+y2)+x2y—§y3

Henon-Heiles



- | - T 1
]
|
i
0.25 | |
I
]
I
0.2} " |
| IE=-|-'rﬁ 1
I‘ [
0.15 : |
12 ‘i E=1/8 :
\ ]
‘ [
0.1f & E=1/12 "'/ |
\ L

F=1/24 "
) 1.3

.:
=
[

] 1.5
72 (at gt=0)







1889  Svante August Arrhenius
1903

Arrhenius k(T)=Aexp(-E_/RT)
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Eyring, Polanyi, Wigner 1935
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Rudolph A.Marcus, Science 256, 1523 (1992)
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E.R.Lovejoy, S.K.Kim and C.B.Moore, Science 256, 1541 (1992)
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Dynamical hierarchy in transition states: Why and
how does a system climb over the mountain?

Tamiki Komatsuzaki* and R. Stephen Berry'™

‘Department of Earth and Planetary Sciences, Faculty of Sclence, Kobe University, Nada, Kobe 657-8501, Japan; and *Department of Chemistry and the
James Franck Institute, University of Chicago, 5735 Sauth Ellis Avenue, Chicaga, IL BOG37

Edited by Rudalph &, Marcus, California Institute af Technology, Pasadena, Ch, and approved Aprll 12, 2001 (recelved for review December X8, 2000)

How a reacting system climbs through a transition state during the
course of a reaction has been an intriguing subject for decades.
Here we present and quantify a technique to identify and charac-
terize local invariances about the transition state of an N-particle
Hamiltonian system, using Lie canonical perturbation theory com-
bined with microcanonical molecular dynamics simulation. We i 1.0
show that at least three distinct energy regimes of dynamical
behavior occur in the region of the transition state, distinguished
by the extent of their local dynamical invariance and regularity.
Isomerization of a six-atom Lennard—Jones cluster illustrates this:
up to energies high enough to make the system manifestly chaotic,
approximate invariants of motion associated with a reaction co-
ordinate in phase space imply a many-body dividing hypersurface
in phase space that is free of recrossings even in a sea of chaos. The
method makes it possible to visualize the stable and unstable
invariant manifolds leading to and from the transition state, i.e.,
the reaction path in phase space, and how this regularity turns to
chaos with increasing total energy of the system. This, in turm,
illuminates a new type of phase space bottleneck in the region of
a transition state that emerges as the total energy and mode
coupling increase, which keeps a reacting system increasingly
trapped in that region.
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*Fully-developed chaotic region
stochastic in nature

*Quasi-regular region
trajectnries move only on tori
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*Harmonic oscillator region
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Our Definition of Phase Space TS
T.Komatsuzaki & R.S. Berry, J. Chem. Phys. 110,9160 (1999)
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Statistical Theory of Asteroid Escape Rates

Charles Jaffé,!=" Shane D. Ross,'-* Martin W. Lo,"~ lerrold Marsden,! David Farrelly,* and T, Uzer!-
'Controfl and Dvnamical Svstems Division 107-81, California Institute of Technolopy, Pasadena, California 91125
*Navigarion and Flight Mechanics, Jet Propulsion Laboratory, Pasadena, California 91 109-85099
A Depariment of Chemistry, West Virginia University, Morgantown, West Virginla 26506-604 3
 Department of Chemistry, Utah State University, Logan, Utah 84322-0300

*Center for Nonlinear Sciences and School of Physics, Georgia Instinute of Technology, Ardanta, Georgia 303320430
(Received | February 2002; published 12 June 2002)

Transition states in phase space are identified and shown © regulate the rate of escape of asteroids
temporarily captured in circumplanetary orbits. The transition states, similar to those occuming in chemi-
cal resction dynamics, are then used o develop u statistical semianalytical theory for the rate of escape
of asteroids temporarily captured by Mars, Theory and numerical simulations are found to agree to
better than 1%, These calculations suggest that further development of transition state theory in celestial
mechanics, as an altermative 10 large-scale numernical simulations, will be a fruitful approach tw mass
transport caleulations.

¥ [Sun-centered mertial frame)

23R . Oterma’s Trajectory

¥ (Sun-Jupiter rotating frame)
¥ (Sun-Jupiter rotating frame)

x {Sun-centered inertinl frame) x {Sun-Jupiter rotating frame) ¥ {Sun-Jupiter rotating frame)
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Phys. Rev. Lett. 89,11101 (2002)



Enagy (keddmol)

R Eakpkge

A S,2 Reaction That Avoids Its
Deep Potential Energy Minimum

Lipeng Sun,” Kihyung Song,® William L Hase'*

Chemical dymamics trajectony simulations were used to study the atomic-level
mechanisms of the OH ™ + CHF — CH,OH + F 5,2 nuclesphilic substitution
reaction. The reaction dynamics, from the [OH-<-CH,-- F] " central barrier to
the reaction pradscts, are simulated by ab initio direct dynamics, The reaction’s
patentisd energy surface has a desp minimum in the product exit channel arising
from the CHOH- - -F hydrogen-bonded complex. Statistical theories of uni-
malecular reaction rates assume that the reactive system becomes trapped in
this mirimum and forms an intermediate, with random redistribution of s
vibrational energy, but the majority of the trajectories [30%) avaided this
patential energy minimum and instead dissociated divectly to produscts. This
finding is discussed in terms of intramelecular vibrational energy redistributian
(WR) and the relation between VR and molecular structure. The finding of this
study may be applicable to other reactive systems where there is a hisrarchy
of tirme scales for intramolecular mations and thus inefficient IVEL

Indirect reaction path

Science 296,875(2002)



Chemistry of cyano-polyenes

THE ASTROPHYSICAL JOURNAL, 545:892-906, 2000 December 20
0 2000, The American Astronomsical Socisty, All rights ressrved . Printed in TS 4.

FORMATION OF NITRILES IN THE INTERSTELLAR MEDIUM VIA REACTIONS OF CYANO
RADICALS, CN(X “E"), WITH UNSATURATED HYDROCARBONS

N. Barvcant,' O. Asvany,? L. C. L. Huaxg, Y. T. Lgg, axp R. 1. Kaser?
Institute of Atomic and Molecular Sciences, 1, Section 4, Roosevelt Road, Taipei, 106, Taiwan, ROC

Y. OsaMURA
Department of Chemistry, Rikkyo University, 3-34-1 Nishi-ikebukuro, Toshima-ku, Tokyo, 171, Japan

AND

H. F. BETTINGER
Department of Chemistry, MS-60, Rice University, P.O. Box 1892, Houston, TX 77251-1892
Received 2000 May 5, accepted 2000 July 23

CN(X 22%)+ C,H,(X 'T}) -
HCCCN(X 'Z%) + H(3S,,), (5)
CN(X 22%) + C,H,(X '4,)» C,H,CN(X *4') + H(%S, ,).
(6)




relative energy

FiG. 1—Schematic representation of the C,H.N potential energy surface relevant in the CN + C.H; reaction. Adapted from Huang et al. (2000
Important bond distances are given in angstrom units and bond angles in degrees.



A 1.D[~‘- . MI - l-i B "'ih —
G ool Uheahuld piabid \
L 10
osl docked state-undocked state
M A Zhuang, Kim, Pereira,
g O gt o Babcock,Walter & Steven Chu Science 296 1473(2002)

Tirme (5)
B 10— e S 1 S ST U
TP R
e
o] 210 Al ﬂmllal::}m 1E600 11800

g doo

H4




Komatsuzaki Ishii et al,
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Chaos-assisted capture of
irregular moons

Sargey A, Astakhow, Andrew 0, Burbanks |, Stephen Wiggins|
£ David Farrelly”

* Dyypwiiremasl ol Ciemsdiery & Miochesiianry, Dnih Srase Db, Liin,
Lltah B{122-0MK, [F34
+ Schoul of Mk, Universiny of Bebored, Sriwed HS8 1T, UK

It has been thought 1 that the capture of irregular moons—with
nan-circular orbits—by giant planets ocours by a process in
which they are first temporarily trapped by gravity inside the
planet’s Hill sphere (the reglon where planetary gravity dom-
imates over solar tides"}. The capture of the moons is then made
permancnt by dissipative energy loss (for example, gas drag') or
planetary growth'. But the observed distributions of orbital
inclinatbons, which now include numerows newly discovered
mawms” Y, cannal be explained wsing corrent models. Here we
show that irregular satellites are captured in a thin spatial region
where orbits are cliaotic”, and that the resulting orbit bs either
prograde or retrograde depending on the initial energy. Dissipa-
i then switches these lomg-lived chaotic orbdita' into iearly
regalar {non-chootic) zones from which escape is impossihle. The
chantle layer therefore dictates the final Inclinations of the
capiured moons. We confirm this with three-dimensionnl
Monte Carlo simubations that include nebolar drag"™'', and
find good agreement with the observed inclination distributions
of irregular moons at Juplter’ and Satum®. In particalar, Saturn
has more prograde irregular meens than Jupiter, which we can
cxplain as o result of the chaotic prograde progenitors being
marre elficiently swepl away from Jupilter by its galilean moons,

Frgure la and b shows surfaces of zen velocity" al veo energis [or
the 30 Sun—lupiter system, together with the Hill sphere. Surfaces
ol zers velocity limit the motion in the rotating frame, and so serve
tor clefine an energetically dccessille "bulbhle” that may intersect the
Hill sphere’, At bath energies in Fig. |, the two Lagrange saddbe
points, Ly and Ly, are ‘opent and act as gateways between the iilerior
cnergy bubble and heliscentric orbits™, Figure 1 and d shows
orhital inclination distributions?, = cos ' (h, /W), of test par
tiches as they pass through the Hill sphere at the same two energles
(see Methods), The ey finding is that at energies slightly above the
Lagrange points, only prograde orbits can enter [or leave] Lhe
capture sone. At highes capture energics, the distribution shifis o
include both senses of b, The dgatistics of inclination distributions
wiill, therefore, be expected vo depend strongly on energy, that is, the
peametry of haw [and if) the curves of ero velocity intersect the
Hill sphere,

Figure 2 porisays the structare of phase space In the plasar limi
[z = p.= 0hin a series of Poincare surfaces of section” (505) at four
erergies. AL the lowest energy | Fig- 2a), many of the prograde orbits
are chaotic, wheress all the retrograde orbits are repular”, Becanss
imcaming arbits canmit penetrate the regular Kolmagoroe=Armisld
Muoser (KAM) reglons”, prograde ol st remabin prograde.
Although KAM toniin 31 cannot "hlock” frajectaries in this manner,
orbits can only enter neacly miegrable vwolumes of phase space by
Arnobd diffusion, which, by the Mekhoroshey theorem, is expected
[fege =iy ﬂp-n-rlemi.lll].' slowhy™, In essence, the chantic I.::.-L'r srfecis
for the serse of the angular momentum of incomang and oulgoing
particles

After Ly has opened up (Fig. 2b), the chaatic "sen’ of prograde
ofils quickly ‘evaporates) except for a thin, advascing frong of
chans which cings o the KAM tor, boffering them from the
expancing basin of direct scattering. With increasing energy, this
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