
* The Interplanetary Superhighway (IPS) 

A New Paradigm for the Solar System 

L . 

Trajectory Is Not a "DEAD' Subject 

* Trajectory Is a Mission-Enabling, tntetkcfoalTechnology 

* Space HNV Technology and Trajectory MLISTDevelop 

-- Golden Age of Trajectory Technology Just Around Corner 

- Not All Technology Is Hardware! 

Side by Side 
- Like "Rail Road Tracks" for the Train 

- Example: Ion Engines Have Been Around a Long Time, Their Use 
Have Been Limited by the Lack of 'Low Thrust' Trajectory Design 
Tools 

Every 3 Body System Has 5 Fixed Points Called Lagrange Points 

- Earth-Moon.SIC: LL,, LL,, ... LL, 
- Sun-Earth-SIC: EL,, EL,, ,,. 

They Generate the InterPlanetary Superhighway 

-1 6 Million KM - 



Four Families of Orbits, Conley 119681, McGehee [1969], Ref Paper 

Periodic Orbit (Planar Lyapunov) 
Spiral Asyr?,irfolir iA>r’ (Siahle Manifold Pictured) 

Transit Orbits CMUSTPASS THRU LYAPUNOV O R W l  

Nan-Transit Orhits (May Transit After Several Revolutions) 

I 

I I .... . . I  

* Unstable Periodic Orbits 

a . .,.. - I  

~ Generate the Tubes 

- Portals io the Tubes 

The Tubes Govern Transport 
- Transport Must Occur Thru Tubes 
- Systematically Map Out Orbit Spacc 

G r e w  Tuhe = W3bIr* Manifold: 
Orbits Approach the L, Periodic 

Red Tuhc = iJnftable Manifold: 
Orbits Leave the L, Periodic Orbit 

-Orbit, No AY Needed 
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Traditional Approach 
-. Requires First Hand Numerical Knowledge of Phase Space 
- Each Trajectory Must Re Computed Manually (VERY SLOW) 
- Cannot Perform Extensive Paramelric Study or Montecarlo Simulation 
- Optimization Difficult, Nearly Impossible 

Dynamicai Systems Theory Provides 
- Sm Automatic Generation of Trajeclories 
-- SnU Automatically Maps Out Phase Space Structures 
- Near Optimum Trajectory 

parted Genesis L 

Genesis Launch Delayed from 2/01 l o  8/01 

LTool Enabled Designers lo  Replan Genesis Mission in I Week 

Without LTooI, Genesis Would Require Costly Additional Delay 

LTool and Dynamical Systems Contributed Significantly l o  Genesis' 
Successful Launch on 8/8/2001. 

ISEE31iCE Orbit Genesis Unstable Manifold 



Mariiii LO Section 312 

nr. Larry Romans Seclion 335 

Or, George Hockney Section 367 

' Wr, Brian Baidert Section 312 

a Min-Kun Chiing Section 312 

JamesEvans Section 368 

+ Task Manage, 

4 Cognizanl SIW Engineer (Marthemalca Developer) 

' S/W Archiiecluic R Sp Engineer 

* Tiajoctat y Dosign R Algorithms 

+ Aslrodynaniics Tools 

1 iniiaslii~ciuro S M ,  Visiiaiiraiion Tools 

Phase Space Vie IPS 

Cross Section of Tube Intersection Partitions G bai Behavior 
- Yellow Region Tunnels Through from X Through J S Regions 

-. Green Circle: J to S Region, Red Circle: X lo J Regior 
- Genesis-Type Trajectory Retween L, and L, Halo Orbit (Heteroclinic) 

Manifold intersections Computed Via Poincare Sections 

Reduce Dimension by 1, Tube Becomes Circle 

Manifold Intersections Computed Via Poincare Sections 

Reduce Dimension by 1, Tube Becomes Circle 

Intersections Provide Transit Orbits from L, to L, 

Manifold intersections Computed Via Poincare Sections 

Reduce Dimension by 1, Tube Becomes Circle 
- Green Circle Leaves J lo S Region 
- Red Circle Enters J from X Region 

Intersections Provide Transit Orbits from L, to L, 



2 3  to 3 2  Resonance Transporl, No Energy Transfer Needed 

Source of Chaotic Motion in the Solar System I 

The Existence of Homoclinic and Heteroclinic Cycles Implies We 
Can Choose An Infinite Sequence of Integers, Doubly Indexed, 

N(I ,I), i =Sun,  L1. Jupiter, L2, Xsun; j = 1, 2,3, ... 
N(i ,j) = Number of Revolulions Around Body(i), Called an ITINERARY 

THEOREM: There Exist an Orbit Which Realizes N(i ,j). 

a Based on Conley-Moser's Theorem on Symbolic Dynamics 

* Voila! ?EMPORdHY CdPTURE RY DESIGN 

' W a n g  Sang Koon Caltech 

* Martin eo 

' Jerrold Marsden Caltech 

' S A a n e R o s s  Caltech 

JPL,  P r i n c i p a l  I n v e s t i g a t o r  
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I Genesis Shadows Heteroclinic Cycle, Moon Plays Role (Bell et al.) I SIRTF, SIM-Type Heliocentric Orbits Related to Homoclinic Orbits 

I ( ,~>,Z, , , , '#  li.lllSj 

Using Symbolic Dynamics Technique to  Realize Complex Itinerary 
Capture Around Jupiter Multiple Revolutions (Specifiable) 
Note (23) to (32) Resonance Transition 



InterPlanetary Superhighway Connects Entire Solar System 
- Instead of Planets In Isolated Separate Conic Orbits 
- Solar System Is An Organic and Integrated Whole Where Each Part Is 

-- Governs Transport and Morphotogy of Materials 
Communicating with One Another 

Shape Morphology of Rings and Belts 
Contributes to Theory of Motions of Comets, Asteroids, Dust 
Governs Planetary Impacts from Asteroids and Comets 
- ShoemakerLevyQ Follwed Jupiter IPS to Final Impacts 
- Genesis Trajectory 1s an Impact Trajectory 
-- 1% of Near Earth Objects In Energy Regime of Genesis Trajectory, 

I 

Considered Most Danerous 
This Theory Contributes to Understanding of our Origins 

I L,, L, Manifolds Have 
I ( ,)to (3 2) Resonance 

Transitions 

Oterma's Orbit Well 

Also Matches Gehrels3 

Temporary Capture 

L,, L, Manifolds Are 
I DNA of This Dynamics 

Need to Study Invariant 
Manifold Sturcture 

I ________ - .. I 

Theme Use Natural 
Dynamics to Optimize AV for ~ - :  Space Missions 
- Genesis 6 m/s Det AV 

Jupiter Family Comets 
.a 6 2  ( ) to (3 2) Free 
6 0  Resonance Transition 

Temporary Capture 
L,, L, as Gate Keeper 

What Is Source of Chaotic 

' J  I 

8 2  

? 

a '  
5 > b  

Dynamics? 

8 B l l O > l l S  

?(All \tin ~ i l i lur id  iiiclliiil Imnii) 



I Semi-Ma'ior Axis 

Poincare Section from Single 
Orbit Leaving Jupiter L l  

Each Dot Is a Rev Around the Sun 

System 
1 -- Spirals Towards Inner Solar 

-- Eccentricity Grows 

lndistiguishable from Ordinary 

Controls Asteroid Belt Structures 

Controls Dust Transport and 

Intimate Connection with Low 

Conic Orbits 

Morphology 

= , O g h r u ~ t  Trajectory Design 

Transfer of KBO to 
Asteroid Belt Produced 
by LTool Using IPS 

- Origin of Jupiter Comets 

- Replenish Asteroid Beit 

- Escape from Solar System 

Less Than 1 Pluto Year 
Scales for Jupiter and 
Saturn Satellite Systems 

Suggests New Low 
Thrust Alaorithm 

Earth's Zodi Dust Ring Simulated Wlth Lagrange Point Dynamics 

S: Sun Region, Earth: Planet Region, X: Exterior Region 

May Provide Planetary Signatures for Exo-Planet Detection 

- Only Gravity, No PR Drag 

4 Martin LO JPL 
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Genesis Mission Design Manager 

M m  40 



Mars Meteorite I 

Interplanetary Superhighway Brought Life Building Material from 

~ InetrPIanetary Superhighway May Have Brought the Asteroid Killing 

Comets and Asteroids to Earth 

the Dinosaiirs Via a Genesis-Like Orbit 
Presence of Abirndant iridium implies Slow impact Velocity 

- Conjectured by Mike Mueller et a1 (Nemesis Star) 

Rates for Astrobiology 
InterPlnaetary Superhighway Theory Can Provide Critical Transport 

- How Rates Determine Formation of Life on a Planet 
- Can Rates Be Obtained from EXoZodi Signatures to Find Potential Life 

Rearing ExoPlanets? 

Charles Jaffe West Virgina University 
ShaneRoss Caltech 

4 David Fare//y Utah State University 
Martin Lo JPL 

‘ Jerroid Marsden Caltech 
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* T o  appear in “Physical Review Letters” 



Mmeuver  ( A V )  Edith T,iigctiiig Portion 
Uwig "Twi\ting" 

Manifold lnterseciions Computed Via Poincare Sections 

Reduce Dimension by 1, Tube Becomes Circle 

uvn ,, 

Shoot the Moon: Lunar Capture ~- 

Wang Sang Koon Caltech 

1 Marfin eo 
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JPL, Principal Investigator 

Control and Dynamical Systems Department 



ISSUE: 3 Months Transfers to EL, Too Long for Humans I Short Transfers Too Difficult 

Build Instruments & S/C Lunar L, Station 
Transfer S/C from L, to Earth-L, LIO (Libration Oribit) 
Service S/C at Earth L, LIO from Lunar L, Gateway Hub 

For the Terrestrial Planet Finder Mission (TPF) 
A A I ~  K U ~  chung JPL 

Gerard Game;. Barcelona University 
4 Martin La JPB, TPF Mission Des!gn Lead 

Polytechnic University of Catalunya 
Caltech Computer Graphics Group 

Josep Masdemonl 

4 Ken Mliseth 

* Larry Romans JPL 

Build Instruments & S/C Lunar L, Gateway for EL, 
Service SIC at Earth L, from Lunar L, Gateway Module 

I I 

Servicing Halo Missions 
at the 4un-y L1 Gateway 



Cross Section of Manifolds 
Plotted in {a, e) Elements 

L, Manifold of Europa 
Intersects L, bdai’ifold of 
Ganymede, eic 
Provide Transport Between 
Moons 

May Require AV 

_ _ L ~  ~ Much Lower than Hohmann 
snmp*l=i - - ,  

New Frontier: Petit Grand To 

New Computation by My Student Shane Ross 
Serial Visits to Galilean Moons, Final Europa Capture 

* Total AV - 20 m/s! 1500 Days Time of Flight 

IoVicentii~ lnenial hame remlmdoi axis hiStwv lomenme distance hislw I 

Mission Concept Development and Design 
‘ Martrn Lo 

Initial Trajectory Design (20, Coupled RTBP Model) 
4 S h a m  Ross Caltech 
Detailed Trajectory Design (3D, F ~ l l  Ephemeris Model) 
‘ lwin Kun Chunq JPL 

Animation 

JPL, Principal Investigator 

Ctcr Koenrg Caltech Graohics Group 
Alan Barr Caltech Graphics Group 

, 49(m (rrcrrid I our of .Iovmrr Moorr~  

* Missinn Cnncept 
8 Flexlhla ltlnetnry Vislt Jovian Moons In Any Order 
* User Low Energy Tiansfst Caplitre impact 

’ Nsnr  Circular Orbits Reduce Juniter Radiation 

* Proof of Concept Point Design Using the interplanetary 
Svpprhighway 

25 Day Transfer from Ganymede lo Feropn 

* Requires DV of 1452 mlsl [Q& I 
f 

Compare lo Hohmann Transfer of 2822 mlrl 
Free Caoture bv Eurooa for 4 Orbits (More Possible) 

Tour Also Avsllabls for Saturn 6 Moons 

Appllcable lo Europarrltan Orblter. Lander b Other Outer 
Planets Mlsslonn 

1 I 
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