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EXPLORING INNOVATIVE WAVYS TO COMBINE ROBOTICS
AND AUTONOMY FOR ENABLING LOW COST WET
COMRPLEX SPACE EXPLORATION MISsIONS.
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LISING THEORETICAL APRPROACHES TO IMPROVE
missIiON DESIGN ANDO ENHANCE OUR
LINODERSTANDOING OF COMPLEX ORBITAL REGIMTES.

DEVELORING ROBUST AND NOVEL TECHNIOUES TO ENABLE
SPACE VEHICLES TO SAFELY AND EFFICIENTLY REACH
AND ORPEIRATE AT THEIR DESIRED TARGETS.
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PLANETARY SCIENCE
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LINDERSTANDING THE SOLAR SWYSTEM -
IN PARTICULAR ASTEROIDS, COMETS, AND MOONS -
LISING SPACECHAFT DATA ANDO CELESTIAL MECHANICS.



ASTEROID MISSIONS
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ASTEROID EXPLORATION: MISSIONS TIMELINE T e e O
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Lucy (2021 — 2033)
DART (7/21 — 9/22)
Psyche (2023 — 2028)
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Destiny+ (2025 ~ 2029)
EMA (2028 — 2036) (©) ORGCA
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are all shapes and sizes...
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NEAR (NASA) Feb. 17, 1996: Launch

June 27, 1997: Flyby of asteroid Mathilde

Jan. 23, 1998: NEAR flew by Earth for a gravity assist

Dec. 23, 1998: Spacecraft flew by Eros for the first time

Feb. 14, 2000: NEAR entered orbit around Eros becoming the
first human-made object to orbit an asteroid

Feb. 12, 2001: NEAR touched down on Eros — the first time a

U.S. spacecraft was the first to land on a celestial body

22 spntes 2008

Science
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Spin State Estimation Using Landed Transponders

Histogram of Wobble Angles
1

* Reprocessed NEAR mission data
— 16 days of landed two-way Doppler

— First time this has been used for spin state
estimation

— Applied altitude constraint to latest SPC
shape model

« Estimate is consistent with both the nav (Miller) &
radio science (Konopliv) solutions
— Konopliv’s had >130,000 landmark observations

 We also find Eros to be in PA rotation

— We reduced the uncertainty in the maximum wobble angle
by a factor of ~20 e

Eros Pole (3-Sigma)

11.35 11.36 11.37 11.38 11.39
Right Ascension (°)

. Miller [ Konopliv Surface Doppler




Reconstructed Landing Site

* Nav team published two potential landing sites, both
determined via surface Doppler —
— Site-2 showed better agreement with the descent imagery
« Gaskell refit the landing trajectory in 2010 using new
SPC landmarks and LIDAR data
— His solution agreed well with site-2

*  Qur solution agrees well with both solutions, and
places a tighter formal constraint on its longitude
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Hayabusa (JAXA)

First asteroid sample return mission to NEA ltokawa (S-type)

Overcame technical failures but returned a sample successfully...
and spawned feature films in Japan!

HAYABUSA

Demura, Science, 2006
e Ry
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Dawn (NASA)

‘Dawn

1100000

- images taken
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Vesta and Ceres’, ©
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\"*velaunch :

FAR‘THEéTJ ‘_ISfA El?FI%OM EARTH
3 67+ MILLION
T MILES

Final numbers for the missiori,
which ended Nov. 1, 2018

Jet Propulsion Laboratory
California Institute of Technology

National Aeronautics and Space Administration

NASA DAWN MISSION
ORBITED & EXPLORED VESTA

10th Anniversary
July 16, 2011 - September 5, 2012

‘Snowman’ craters hemisphere,

South Pole and Rheasilvia basin,

enhanced color enhanced color
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Dawn (NASA)

o

Occator Crater is 57 miles (92 kilometers) across.
Bright pits and mounds in the foreground were
formed by salty liquid released during the
freezing of the water-rich floor, following the
crater-forming impact about 20 million years ago.

(©)ORCCA




Hayabusa? (JAXA)




Lucy (NASA)

Jupiter
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https://www.hasa.gov/mission_pé‘ges/lggy/overvieyy/i,ndex"”-

In the L4 cloud Lucy will fly by (3548) Eurybates (white) and its

satellite, (15094) Polymele (pink), (11351) Leucus (red), and (21900) D D.nasa.gov/images/piazads-psycne on-p'a

Orus (red) from 2027-2028.

After diving past Earth again Lucy will visit the L5 cloud and : : : :
encounter the (617) Patroclus-Menoetius binary (pink) in 2033. Psyche is a metallic (M-type) main belt asteroid

In 2025, Lucy flies by a small Main Belt asteroid, (52246)

Donaldjohanson (white), named for the discoverer of the Lucy fossil. @ URCCA




Dinkinesh & Selam flyby

* Lucy flew by main belt asteroid
Dinkinesh on November 1, 2023
and discovered it is a binary!

« 431 km close approach
* Dinkinesh ~720 m

« Selam two lobes ~210 and 230 m

— |t orbits Dinkinesh at a distance of
~3.1 km with an orbital period of

about 53 hr, and is tidally locked

' . ' https://www.nasa.gov/image-article/nasas-lucy-spacecraft-discovers-2nd-asteroid-during-dinkinesh-flyby/

1 km

N Levinson preprint; https://doi.org/10.21203/rs.3.rs-3911173/v1 CO D R E EA




Destiny+ (JAXA + DLR)

DESTINY™ is a science and technology demonstration mission
to asteroid (3200) Phaethon, the parent body of the Geminids
meteor shower. It will explore the asteroid during a flyby, and
conduct scientific observations of cosmic dust, which is
considered to be a source of the organic matter on Earth.

Scheduled to launch in 2025 and flyby Phaethon in 2029

Driven by sodium “fizzing”? [Masiero 2024]

2017-01-01 00:00 Phaethon

0.000km/s.  272,792,584km—__ — (@©)0RCCA
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Emirates Mission to Explore the Asteroid Belt (UAE + LASP)

y ~50 km

EMA Interplanetary Tour EMA PDR Trajectory
: Preliminary Design Review (PDR)
; Revision Date: 30 Aug 2023 Sun-centered EM02000
J5/ Legend Viewed from Above the Ecliptic

=== Thrusting
—— Arrows point in acceleration direction 9. 1998 RC76
— Some vectors have significant out-of-plane components Flyby Date: 21-DEC-2032
Required Coasting (Closest Approach - 21 days) Periapse Radius: 150
= Coasting Flyby Velocity: 2.43 km/s
Spacecraft Mass:  1537.4 kg
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Justitia Radio Science

* |nitial analysis shows Radio science should determine up to a
7™ degree field

- Will get some stronger data from lower orbits for lander deployment

T
== 4966 Shape
W PSO
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1] | ] | A A
300 400 500 600 700 800
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OSIRIS-REX

Work of Dr. Andrew French shown
© ) ORCCA




Exploration today: OSIRIS-REX

Preliminary Survey Approach

2018-11-30T160:22:55.369000
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More information at: www.asteroidmission.org  (©)URLCA




OSIRIS-REX Touch-and-Go (TAG) Sampling
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Bennu’s Particles — January 19, 2019 Event

What happens to these particles?
Can they stay in orbit?

(@) ORCCA
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* Modeling assumptions
— Cannonball SRP with constant A/m
— Shape-based shadowing
— Constant density polyhedron gravity model
— 3" body effects from Sun
— Bennu thermal/albedo force model 0 T T N
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5 minute timesteps pictured
~8 day trails shown

)
I Bennu
wp
to Sun




Two Families of Long-lived Orbiters Based on Semimajor Axis

* High family doesn’t come lback near surface for 5+ days
* Only particles that stayed in orbit for the full 40 days are shown here
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50

% particles

Population Behavior

Some particles can orbit for a long time!

Small particles disappear preferentially,
changing the surface PSD

Material moves toward equator reinforcing
equatorial bulge

Jan 6, Site B
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Bouncing Particle

Bouncing Particle (#57)

1.5e+02

‘s 1.0e+02

5.0e+01

0.0e+00

« Discovered a particle
ricocheting off Bennu’s
surface on February 13™,
2019

 Combination of traditional
OD and MC analysis to
determine bounce
location & time




Particle Nyt Data arc Lifetime

Particle Derived Gravity Field © @

107 5.45 5.79
378 4.23 4.26
185 4.17 4.45
43 2.92 5.35

The particles are our best source of gravity information 9 25 265

. . . 217 2.30 2.91
— Can fit many particles simultaneously 2 163 3.30

75 1.58 2.30

— High orbit diversity relative to S/C orbits = less biased gravity 8 153 599

) ; , . . 34 1.05 1.12
— Particle OD is not tied to shape-based OpNavs - less biased gravity 101 0.65 3.68
35 0.50 3.45
78 0.34 2.37
58 0.33 0.40
66 0.33 0.47
35 0.32 0.33
33 0.28 0.44
47 0.24 0.27
46 0.19 0.21
45 0.19 0.23

Bouguer Anomaly Map: Bennu Exterior Harmonics - 6x6

Gravity RMS
(Normalized)

”

Particle Field —<
Particle Sigmas 1 0 F‘aswfl:e ‘ CSD Field
Spacecraft Field article Sigmas

Spacecraft - CD Field
Spacecraft Sigmas Spacecraft Sigmas

Latitude (°)

Acceleration (mGal)
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Evidence for a Heterogeneous Mass Distribution

 The initial geophysical characterization from the " Equatorial Ridge ~ Middle Layer
Navigation Campaign made the following gravity field A
predictions
— 1) YORP cycling = interior failure = under-dense core
— 2) YORP cycling = mantle failure - over-dense core
— 3) Regolith accumulation at the equator = ridge with different density

* This provided the perfect chance to test our hypothesis
driven algorithm i

— The under-dense core and under-dense
ridge can be attributed primarily to J2 and
J4 being larger than constant density | Inner Core Mascon

— MCMC results are consistent with analytical
results performed by Scheeres and Tricarico

Inner Core MassCon
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OSIRIS-REx Sample

J

120 grams of sample returned =

to Earth on September 24,
2023

* QOver 1000 particles > 0.5 mm

« Largest individual sample is
approximately 3.5 cm

 |nitial analyses confirm Bennu
age and composition from
remote sensing
* Interestingly high
concentration of magnesium
phosphates
— May tie to water rich parent body

https://images.nasa.gov/details/jsc2024e006057

(©)ORCCA
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DART

Work of Rachel Cueva shown
© ) ORCCA




DART Autonomous Navigation to Impact

NN\ P

\Woohoo!

Final 5 %2 minutes of approach images from DART — 10x faster until last six images

(©)ORCCA




SMART Nav Simulation

Time to Impact: 00:59:58 A ;z;cpk;m
Zero Effort Miss

30x Realtime

Downlinked information

123 45 6 7 8 9 101112
Thrusters

Firing of spacecraft thrusters

G 4 | ~ DRACO view of Didymos

Full image, with downlinked
portion in yellow

- & and Dimorphos one hour
.S ) before impact x

DART Autonomous Navi

DRACO . .I

. (Didymos Reconnalssance and - 2
Asteroid Camera for Opnav).

ation to Impact

©)ORCCA
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| Images

DART Fina

100 ft (31 m)
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Background

»
DART Mission R

— Impacted Dimorphos on September
20, 2022 as a kinetic impactor test
— Impact speed: 6.1449 km/s
— Changed orbital period by —33.0 min .

— Mass loss of ~1,000,000 kg from
impact/ejecta = definite surface
reshaping

— [3 factor ~ 3.5 |

https://science.nasa.gov/missions/hubble/hubble-captures-movie-of-dart-asteroid-impact-debris/

How wiill the long-term dynamical evolution of the Didymos binary
system change post-DART impact?

: (©)ORCCA
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Secular Evolution of Binaries

Tidal-BYORP evolution

— Cuk & Burns, McMahon & Scheeres BYORP
theory

— Jacobson & Scheeres tidal-byorp equilibrium

« Can get BQ/k, if we know B, can get Q/k
(or inverse)

— Primary tides expand orbit
— BYORP can expand or contract

— Secondary tides torque the secondary and
try to synchronize it

— Resonances with sun tides can also play a
role

 BYORP is determined by the shape, so _ oy
adding a crater can change this o — P Ay S e
«  How much can it change? . . SINGL -

* What happens to the subsequent Chaotic  SYNCHRONOUS
dyﬂamICa| Dynamics BINARY
evolution?

Evolutionary Pathways of
SINGLY

Asteroids, Scheeres 2017 SYNCHRONOUS
\ »STABLE BINARY

(©) URCCA




Dynamical Model

* Full 2-Body Problem (F2BP)

% > 5 5 5 - T
— State vector: X = |, 7, ds, Bs, @y
7

— 2 5o o — o Mp+Ms (= 0U
—2(@WsXT) — WXT — WX (BgXT) +—2— (F )

. MpMg or
- X= 117 (~@x 1,18, + 7x 5% + 1)
(1/2)[B(B)]ds
[L,] 'L

— Expressed in secondary’s body-fixed frame

« Mutual Gravity Dynamics: Ellipsoidal Secondary

and Spherical Primary (MacCullagh’s formula)
GMpMs  GMy(A+B+C-3®D)
ro 2r3

- U=-

Ax?2+By?+Cz?
1,-2

— P =

« Attitude of secondary with respect to rotating
frame: 1-2-3 Euler angles (64, 8,,05)

Dynamical Model

IMppes




Tidal-BYORP Equilibrium

Torgques from contractive BYORP and tidal
expansion cancel out - no secular evolution

—_ - FS
— (l)d = \/4‘7TGp/3, H@ = aQZ\/TeOZ
Useful state b/c if B is known, can constrain

tidal parameters (k,/Q)

— Currently don’t know much about the strength of
tides for rubble piles

Didymos system likely in or near tidal-BYORP
equilibrium prior to impact
— May constrain the unseen side topography/shape

-1.59x10-3

-3.99x10-3
-9.97x10-3

T
\h4
>

Pre-Impact B values for given tidal parameters

%

Roll-pitch-yaw
Euler angles
relative to
rotating Hill

2000

4000 6000 8000 10000
Time [yrs]
2000 4000 6000

Separation
distance
between

primary and

secondary

2000 4000 6000
Time [yrs]




How Did DART Change Dimorphos?

Reduced orbit period by ~33 minutes
- shrunk orbit

Likely dynamically excited Dimorphos
—> librating on order of tens of degrees
or tumbling?

Most likely changed shape of
Dimorphos = crater vs. elongation?

e

-

y Librating |

Global

deform

ation




Effect of Shapes Changes on B

B [-1 from Global Deformation
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New Tidal-BYORP Equilibria

New Equilibrium SMA for k,/Q = 4 x 106 New Equilibrium SMA for k,/Q = 1 x 107 New Equilibrium SMA for k,/Q = 2.5 x 1077
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Simulating Effect of

Ko/Q = 4e-6 or 1e-5 - Expansive
Craters
K,/Q = 2.5e-5 - Contractive BYORP - higher equilibrium SMA

x1074
/w.f-u-w’ h“‘t, W " b Ty

\.Ur,..—..‘v"(‘- ¥ o L--‘,""."
0 2000 4000 6000 8000
x10~4

L] T

¥

2000 4000 6000 8000

k,/Q =4x107°
k,/Q =1x 107

k,/Q =2.5x107° _ f-____'-

40b0 6600
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50 m radius, 25 m deep crater, w;



Simulating Effect of Global Deformation

o k,/Q=4x10"°
o k,/Q=1x107"

kp/Q = 2.5 x 107° ] PRIy
1

2000 4000 8000 10000

x10~4

2,*, N

-2 -

0 2000 4000 8000 10000

N—
> 90!

4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Time [yrs] Time [yrs]

ab=1.3,b/c=11, w,




Simulating Effect of Global Deformation

|—
.
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i m

0 2000 4000 6000 8000 10000
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. S S
: : -200
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ab=13,blc=11, w,
How will we know what happened??




Hera

« ESA mission returning to Didymos
— Launching October 2024
— Arriving December 2026

* First rendezvous mission to an NEA binary asteroid

« Will help us solve all sorts of mysteries about binary asteroids and DART’s
impact... and certainly find new ones!
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B Questions? [
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Recording video (0.0 sec)

Prof. Jay W. McMahon .

jay.mcmahon@colorado.edu
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