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APOPHIS T–9 YEARS

KNOWLEDGE OPPORTUNITIES FOR THE SCIENCE OF PLANETARY DEFENSE
Program
Wednesday, November 4, 2020
SESSION 1: APOPHIS IS COMING! ORBIT DYNAMICS OF APOPHIS’ CLOSE FLYBY
9:00 a.m.
Opening session, welcome, and a look at the discovery and orbital dynamics of Apophis’ close flyby.
Chairs: Richard Binzel and Patrick Michel
Times
(U.S. CST)
9:00 a.m.
9:10 a.m.

Authors (*Denotes Presenter)

Abstract Title and Summary

Michel P. Binzel R. P. *
Binzel R. P. *

9:20 a.m.

Johnson L. N. * Fast K. E.
[INVITED]

9:35 a.m.

Chesley S. R. * Farnocchia D.
[INVITED]

9:55 a.m.

Scheeres D. J. * Meyer A.
Davis A. B.

10:10 a.m.

Margot J. L. * Verma A. K.

Welcome and Workshop Logistics
Apophis T–9 and Counting: Setting the Stage for the Science
of Planetary Defense [#2022]
Widespread community recognition is emerging for the
decadal, if not millennial, opportunity the 2029 Apophis
flyby provides for the science of planetary defense. Here we
set the stage for the objectives and outcomes of the
Apophis T-9 workshop.
Discovery of Apophis and Subsequent Impact on NASA’s
Planetary Defense Program [#2070]
Events surrounding the discovery of Apophis and its affect
on NASA’s Planetary Defense Program.
Apophis Impact Hazard Assessment and Sensitivity to
Spacecraft Contact [#2049]
We present a review of the Apophis impact hazard
assessment and discuss the implications of spacecraft
contacts for future hazard assessments.
Stationkeeping About Apophis Through Its 2029
Earth Flyby [#2025]
Three approaches for a satellite to fly with Apophis through
its Earth flyby are investigated: A relative orbit distant from
Apophis, hovering along the Earth-Apophis line, or
maintaining orbit about Apophis. Each are feasible
but challenging.
Orbital Evolution of (99942) Apophis Due to the
Yarkovsky Effect [#2016]
The trajectory of Apophis is strongly affected by the
Yarkovsky effect. We determined the Yarkovsky drift rate on
the basis of all available astrometry and placed this result in
the context of the largest published set of
Yarkovsky determinations.

10:25 a.m.

Tholen D. J. * Farnocchia D.

10:40 a.m.

Betts B. H. * Dreier C.
[INVITED]

11:00 a.m.

Detection of Yarkovsky Acceleration of
(99942) Apophis [#2066]
We’ve detected Yarkovsky acceleration of Apophis,
amounting to a semimajor axis drift rate of -170 meters
per year.
Apophis 2029: A Planetary Defense Awareness and
Education Opportunity [#2040]
Apophis 2029 is a great opportunity to raise awareness and
to educate the public and policymakers about the asteroid
threat. Putting Apophis resources in place ahead of time will
increase awareness, raise excitement, and
combat misinformation.
BREAK

Wednesday, November 4, 2020
SESSION 2: POSSIBLE CONSEQUENCES OF EARTH’S TORQUES OR TIDAL STRESS ON APOPHIS
11:30 a.m.
An examination of possible physical effects on Apophis, created by its close encounter.
Chairs: Carol Raymond and Annika Gustafsson
Times
(U.S. CST)
11:30 a.m.

Authors (*Denotes Presenter)

Abstract Title and Summary

Scheeres D. J. Benson C. *
Brozović M. Chesley S.
Pravec P. Scheirich P.
[INVITED]

11:50 a.m.

DeMartini J. V. *
Richardson D. C. Barnouin O. S.
Schmerr N. C. Plescia J. B.
Scheirich P. Pravec P.
[INVITED]

12:10 p.m.

Michel P. * Zhang Y.

12:25 p.m.

Kim Y. * Hirabayashi M.
Binzel R. P. Brozović M.

The Abrupt Alteration of Apophis’ Spin State and
Its Implications [#2023]
We analyze Apophis’ abrupt spin state evolution using
recent optical and radar findings. The 2029 flyby will
significantly alter Apophis’ spin state. Resurfacing and
internal distortion are unlikely. Shifting may occur if Apophis
is a contact binary.
Using a Discrete Element Method to Investigate Seismic
Response and Spin Change of 99942 Apophis During the
2029 Tidal Encounter [#2032]
We are presenting results from our paper, published last
year, about the influence of the Earth’s tides on the spin
state of Apophis during their 2029 tidal interaction and
whether the stresses will produce strains measurable by in
situ seismometers.
Tidal Encounters of Rubble Piles Revisited: Simulations with
Soft Spheres and Various Packings [#2005]
We revisit tidal encounters by performing simulations with a
more realistic numerical treatment of contact forces and
frictions between a rubble pile constituent during the
encounter, and a more natural internal packing of the
modeled rubble pile.
The Sensitivity of Apophis’ Neck to Resurfacing During the
2029 Earth Flyby [#2006]
We numerically investigate the surface evolution and
structural failures on Apophis during the 2029 Earth flyby.
This study assesses possible regions for resurfacing and its
observability through Earth-based telescopes and possible in
situ missions.

12:40 p.m.

Hirabayashi M. * Kim Y.

12:55 p.m.

Winter O. C. * Valvano G.
Borderes-Motta G. Sfair R.
Machado R. Moura T.

1:10 p.m.

Garcia R. F. * Murdoch N.
Dehant V. Bernauer F.
Schmelzbach C. Igel H.
Guattari F. Mimoun D.
Lecamp G. Deraucourt S.

1:25 p.m.

Dynamic Finite Element Modeling Approach for the Dynamic
Stress Evolution of 99942 Apophis During its 2029
Earth Encounter [#2059]
A newly developed dynamic finite element model shows
that the pressure in Apophis may vary up to 0.2 Pa on a
global scale during the 2029 Earth encounter.
Nearby Dynamics and Surface Characteristics
of Apophis [#2062]
In the current work we explore two aspects of Apophis: One
concerns its surface characteristics taking into account its
known irregular shape model, while the other is focused on
the dynamical environment nearby it.
Vibrations and Rotations of Asteroids: Planetary Flyby as an
Opportunity for Internal Structure Imaging with 6 Degrees of
Freedom Instruments [#2017]
Asteroids’ seismic vibrations and rotation perturbations are
weak in deep space, but can be excited by a planetary flyby.
The science case of a 6 degrees of freedom surface
instrument is presented, and illustrated with the
PIONEERS instrument.
BREAK

Wednesday, November 4, 2020
LIGHTNING TALKS: INTRODUCTION TO DAY 1 TOPIC POSTERS
1:35 p.m.
Chairs: Carol Raymond and Annika Gustafsson
Times
(U.S. CST)
1:35 p.m.

Authors (*Denotes Presenter)

Abstract Title and Summary

Wlodarczyk I. *

1:38 p.m.

Pérez-Hernández J. A. * Benet L.

1:41 p.m.

Golubov O. Kopatko A. V. *
Strelchenko A. Kyrylenko I.
Unukovych V. Krugly Yu. N.

Possible Impacts of the Asteroid (99942) Apophis [#2056]
We compute the possible impacts (99942) Apophis with the
Earth using the nongravitational parameter A2.
An Estimation of the Yarkovsky Effect on Asteroid (99942)
Apophis via High-Order Taylor Polynomials [#2063]
We estimate the Yarkovsky effect for Apophis from optical
and radar astrometry exploiting numerical techniques based
on Taylor polynomials. We also show how these techniques
can be used to propagate orbital uncertainties.
Yarkovsky Effect for Tumblers and Non-Convex Shapes:
Asteroid (99942) Apophis as a Test Case [#2072]
We develop the theory of the Yarkovsky effect for tumbling
and non-convex asteroids, estimate the importance of these
effects for Apophis, and investigate how the collision
probability is effected by the uncertainty in the
Yarkovsky effect.

1:44 p.m.

Okada T. * Fukuhara T.
Yoshikawa M.

1:47 p.m.

Sorli K. C. * Hayne P. O.

1:50 p.m.

Seltzer C. * Peč M.
Ghaffari H. O. Binzel R. P.

Thermal Imager to Reveal Surface Physical State
of Asteroids [#2031]
Thermal imaging is a powerful tool to investigate the
physical state of planetary surfaces like asteroid Ryugu by
TIR on Hayabusa2, so that Apophis should be investigated
with thermal imager for science and planetary defense in
the future missions.
Thermophysical Modeling of 99942 Apophis: Estimations of
Surface Temperatures During the April 2029
Close Approach [#2069]
We utilize a 3-d thermophysical model to estimate surface
temperatures of 99942 Apophis during the 2029 close
approach. We also propose the use of thermal infrared
ground-based observatories during the encounter to
validate and refine our models.
Strength of LL Chondrites in Laboratory Deformation
Experiments with Applications to Internal Structure of
99942 Apophis [#2011]
This experimental work uses lab tests on the acoustic,
seismic, and mechanical properties of samples from Kilabo
to determine possible internal structure and strength of the
asteroid Apophis.

Wednesday, November 4, 2020
DAY 1 SOCIAL: VIRTUAL GATHERING AND CONVERSATION
2:00–3:00 p.m.
Chairs: Richard Binzel and Patrick Michel

Thursday, November 5, 2020
SESSION 3: KNOWLEDGE OPPORTUNITIES FOR EARTH-BASED ASSETS
9:00 a.m.
Exploring the unique opportunities available to Earth-based assets for the science of planetary defense.
Chairs: Tomas Kohout and Marcel Popescu
Times
(U.S. CST)
9:00 a.m.

Authors (*Denotes Presenter)

Abstract Title and Summary

Barbee B. W. * Sarli B.
Lyzhoft J. Nuth J. Purves L.
Lewis R. [INVITED]

9:20 a.m.

Brozović M. * Benner L. A. M.
Naidu S. P. Busch M. W.
Giorgini J. D. Taylor P. A.
Rivera-Valentin E. G. Virkki A. K.
Venditti F. C. F. Marshall S. E.
Nolan M. C. Howell E. S.
[INVITED]
Virkki A. K. * Venditti F. C. F.
Hickson D. C. Perillat P.
Marshall S. E. Taylor P. A.
Herique A.

Key Near-Earth Object Characteristics Measurements for
Planetary Defense [#2009]
This talk will discuss priorities for near-Earth object
characterization for planetary defense purposes, as well as
options and considerations for collecting such
characterization data via both remote observations and in
situ spacecraft observations.
Radar Reconnaissance of 99942 Apophis [#2034]
The flyby of Apophis in 2029 will enable observations using
a variety of radar techniques, and may include some that
have never been applied to an asteroid previously. This will
provide an unprecedented opportunity for
scientific discoveries.

9:40 a.m.

10:00 a.m.

10:15 a.m.

10:30 a.m.

Herique A. * Plettemeier D.
Kofman W. Zine S. Gassot O.
Rogez R. Michel P. Ulamec S.
Biele J. Ho T. R.
Grundmann J. T. Perna D.
Goldberg H. Virkki A.
Venditti F. C. F. Marshall S. E.
Hickson D. C.
Nolan M. C. * Benner L. A. M.
Brozović M. Busch M. W.
Giorgini J. D. Hickson D. C.
Howell E. S. Marshall S. E.
Naidu S. P. Rivera-Valentin E. G.
Taylor P. A. Venditti F. C. F.
Virkki A. K.
Moskovitz N. A. * Devogele M.

Bistatic Arecibo Planetary Radar Observations of
99942 Apophis [#2013]
Planetary radar observations provide a strong tool to
characterize near-Earth objects. We discuss how groundbased radar observations can contribute in the
characterization of 99942 Apophis during its close approach
in April 2029.
Direct Observation of 99942 Apophis with Radar [#2029]
Direct measurements of Apophis deep interior and regolith
structure are crutial to understand accretion and tidal
effects. The paper reviews possible strategies to probe
Apophis with onboard radars. It proposes relevant
instrument suite.
Multiwavelength RADAR Observations of Apophis [#2045]
The long and the short of RADAR observations of Apophis.

Observing Apophis in 2029: Lessons from Other NEO FlyBys [#2014]
We will discuss examples of recent NEO encounters and
associated ground-based observational campaigns, lessons
learned from these campaigns, and an outline of
infrastructure needs to maximize the scientific return during
the Apophis flyby.

10:45 a.m.

Grundmann J. T. * Fexer S.
Laabs M. Plettemeier D.

11:00 a.m.

Apophis and the Waves: The Need for Frequency
Coordination and Radio Amateur and University Community
Support Before, During, After Close Approach [#2073]
We intend to start the discussion to include the public in the
unique observation of Apophis, in particular focusing on the
radio amateur community and the need for world-wide
coordination to avoid mutual interference.
BREAK

Thursday, November 5, 2020
SESSION 4: APOPHIS IN THE CONTEXT OF THE NEAR-EARTH OBJECT POPULATION
11:30 a.m.
We take advantage of our existing knowledge of the near-Earth object population, meteorites, and techniques for
spectral modeling.
Chairs: Nicholas Moskovitz and Cristina Thomas
Times
(U.S. CST)
11:30 a.m.

Authors (*Denotes Presenter)

Abstract Title and Summary

Licandro J. * Popescu M.
Oscoz A. de Leon J. Zamora O.
Monelli M.

11:45 a.m.

Gustafsson A. * Moskovitz N.

12:00 p.m.

Hsu H.-W. * Wang X.
Horanyi M.

12:15 p.m.

Burkey M. T. * Bruck Syal M.
Managan R. A. Owen J. M.
Dearborn D. S. P.

Visible Spectroscopy of NEAs in the Framework of the ESASSA P3NEOI Program [#2030]
We present the preliminary results of the spectroscopic
campaign of NEAs using the Roque de los Muchachos
Observatory telescopes in the framework of the ESA-SSA
P3NEOI project, started in April 2019.
Revealing Regolith Properties of NearEarth Asteroids [#2042]
Our work will allow for the implementation of radiative
transfer modeling on visible and near-infrared spectra of
unresolved silicate-rich asteroids using Hapke modeling to
constrain physical characteristics of the surface, including
grain size.
Electrostatic Removal of Fine-Grained Regolith on
Sub-km Asteroids [#2044]
We show that sub-kilometer-sized asteroids near 1 AU
experience a net loss of fine-grained regolith driven by
electrostatic forces, implying that Apophis likely shows a
desert pavement-like scenery, as seen on other similarsized asteroids.
Asteroid Deflection: Sensitivity to
Material Properties [#2046]
Asteroid deflection simulations depend upon material
property assumptions, and many properties of NEAs remain
poorly constrained. We present sensitivities to various
parameters, in order to inform potential Apophis
characterization missions.

12:30 p.m.

Campins H. Cantelas R. *
Popescu M. Tatsumi E.
de Leon J. Licandro J. Rizos J. L.
DellaGiustina D. Kaplan H.

12:45 p.m.

Possible Exogenous Material on Asteroid Apophis [#2035]
Exogenous material could be detectable on asteroid
Apophis; the likelihood of such a detection has increased
based on recent observations. Here, we review this topic
and consider the implications of detecting exogenous
material on Apophis.
BREAK

Thursday, November 5, 2020
LIGHTNING TALKS: INTRODUCTION TO DAY 2 TOPIC POSTERS
1:00 p.m.
Chairs: Nicholas Moskovitz and Cristina Thomas
Times
(U.S. CST)
1:00 p.m.

Authors (*Denotes Presenter)

Abstract Title and Summary

Nolau J. O. * Swindle T. D.
Campins H. Connolly H. C. Jr.

1:03 p.m.

Zhang Y. *

1:06 p.m.

Popescu M. * Vaduvescu O.
de León J.
de la Fuente Marcos C.
de la Fuente Marcos R.
Licandro J. Pinter V. Zamora O.

1:09 p.m.

Cahill J. T. S. * Greenhagen B. T.
Kenyon M. Mariani G.
Lucey P. G.

1:12 p.m.

Liu P.-Y. * Campo Bagatin A.

How Unique is Almahata Sitta and How Relevant is It
to Bennu? [#2067]
How rare are meteoritic falls like Almahata Sitta (in 2008)
that contain different classifications within its strewn field?
How relevant is Almahata Sitta to Bennu?
Origin of 1I/‘Oumuamua: A Tidal
Disruption Fragment [#2018]
We show that ‘Oumuamua can be formed and ejected by
tidal encounters with its host star, and highlight the high
occurrence rate of tidal encounters around stars.
Monitoring the close approach of Apophis can reveal similar
processes in other systems.
Physical Characterization of 2020 AV2, the First Known
Asteroid Orbiting Inside Venus Orbit [#2021]
2020 AV2 is the first known asteroid orbiting inside Venus
orbit. Its properties are a peculiar case compared with those
of the NEAs. We report spectral data over (0.5, 1.5) μm. We
found a surface composition similar with olivinerich asteroids.
Characterization of Asteroid Thermal Environments and
Physical Properties for Exploration and Planetary Defense
Using Advanced Thermopile Arrays [#2037]
Thermal infrared capabilities will be a key technology
necessary for evaluating the thermophysical properties of
PHA’s. Here we discuss scenarios in which they may be
utilized during a mission to examine Apophis during its flyby
of Earth.
Numerical Orbital Simulation for a Spacecraft to Rendezvous
Two NEOs — Apophis and 2001 WN5 [#2057]
The aim of this work is to find an orbit for a spacecraft to
rendezvous both Apophis and 2001 WN5, which can be used
to set up a future space mission. The simulation is
performed using the N-body orbital simulator MERCURY
6.2 package.

1:15 p.m.

Aljbaae S. * Sanchez D. M.
Prado A. F. B. A. Souchay J.
Terra M. O. Negri R. B.
Marchi L. O.

1:18 p.m.

Edwards B. * Savini G.
Tinetti G. Tessenyi M.
Stotesbury I. Archer R.
Joshua M. Wilcock B.

1:21 p.m.

Polishook D. *

1:24 p.m.

Melikyan R. * B. E. Clark
C. Hergenrother

Thursday, November 5, 2020
OPEN DISCUSSION: DAY 2 TOPICS
1:45–2:15 p.m.
Chairs: Richard Binzel and Patrick Michel

Close Proximity Motion Relative to (99942) Apophis [#2061]
We provide a generalized discussion on the dynamics of a
spacecraft near to Apophis during its Earth close approach,
considering the solar radiation pressure. The polyhedral
shape of the target is used to accurately model the
gravitational field.
Twinkle: A Space-Based Observatory for Visible and
Near-Infrared Spectroscopy [#2027]
Twinkle, a space-based observatory with a primary mirror
diameter of 0.45 m, will be capable of simultaneously
obtaining visible and near-infrared spectra (0.5-4.5 micron)
and could be used for characterising Apophis just before its
closest approach.
Post-Flyby Observations of Apophis from the Moon [#2026]
Apophis will not be seen by Earth’s optical telescopes after
the flyby. Placing a small-sized telescope on the Moon could
measure changes in Apophis spin. It could reach the Moon
as a scientific payload of one of NASA’s Artemis
project missions.
An Estimate of the Flux of Apophis-Particle Meteors
at Earth [#2075]
Recently discovered by the OSIRIS-REx Spacecraft at
asteroid Bennu, the near-Earth asteroid population may all
be subject to the mechanisms responsible for mass-loss
from Bennu. We present initial results from a potential
Apophis meteoroid stream.

Friday, November 6, 2020
SESSION 5: LEARNING OPPORTUNITIES FROM MISSIONS LARGE AND SMALL
9:00 a.m.
Mission objectives and instrumentation concepts for Apophis and the science of planetary defense.
Chairs: Marina Brozovic and Anne Virkki
Times
(U.S. CST)
9:00 a.m.

Authors (*Denotes Presenter)

Abstract Title and Summary

Rivkin A. S. *

9:15 a.m.

Raymond C. A. * Bell J. F. III
Park R. S. Landau D.
Chesley S. R. Reh K.
Chodas P. W. Brozoviā M.

9:30 a.m.

Daly R. T. * Barnouin O. S.
Cheng A. F. Plescia J. B.
Richardson D. C. DeMartini J. V.
Schmerr N. C. Sunshine J. M.
Ernst C. M. Denevi B. W.
Cahill J. T. Davis A. K.
Chabot N. C. Lauretta D. S.
Cheng A. F. * Daly R. T.
Barnouin O. S. Plescia J. B.
Richardson D. C. DeMartini J. V.
Schmerr N. C. Sunshine J. M.
Ernst C. M. Denevi B. W.
Cahill J. T. S.
Chand S. * Grundmann J. T.

Why We Should, and Should Not, Visit Apophis [#2028]
To have the greatest chance of support and success, an
Apophis mission must focus on goals that are uniquely or
best achieved at that body, and stay away from
investigations that could be achieved at any
generic asteroid.
Potential Mission Concepts for Characterizing the Potentially
Hazardous Near-Earth Asteroid (99942) Apophis [#2048]
The extremely close flyby of (99942) Apophis is a unique
opportunity to characterize a near-Earth object subjected to
tidal forcing. A range of mission concepts are considered
that provide full characterization of Apophis and would
apply to any PHA.
The Planetary Defense and Science Case for a Mission to
Study Apophis Before, During, and After Its Closest Earth
Approach in 2029 [#2043]
Apophis’ close approach in nine years does not, in and of
itself, justify sending a spacecraft. Two factors, however,
compellingly motivate a mission to Apophis.

9:45 a.m.

10:00 a.m.

10:15 a.m.
10:30 a.m.

Lauretta D. S. * Bierhaus E. B.
Binzel R. P. Bos B. J.
Christensen P. R. Chesley S. R.
Daly M. G. DellaGiustina D. N.
Drouet d’Aubigny C.
Farnocchia D. Hamilton V. E.
Reuter D. C. Rizk B. Simon A. A.
Sutter B. M.

Apophis 2029 Planetary Defense Mission Options [#2015]
The 2029 Apophis Earth flyby is a unique opportunity to
obtain vital information for planetary defense by studying
Apophis, determining its internal structure, and observing
possible changes due to tidal effects from the Earth flyby.
Low Thrust: The Fast and Flexible Path to Apophis [#2071]
We propose the use of already created low-thrust
trajectories to Apophis to help advance design trades in the
early study phases of missions to Apophis. It appears that
small spacecraft missions could benefit from solar-electric
or sail propulsion.
BREAK
OSIRIS-REx at Apophis: Opportunity for an
Extended Mission [#2008]
We developed a mission design that allows us to put the
OSIRIS-REx spacecraft into orbit around asteroid (99942)
Apophis in 2029. This opportunity allows for OSIRIS-REx to
characterize this potential asteroid, comparable to that
achieved at Bennu.

10:45 a.m.

11:00 a.m.

11:15 a.m.

11:30 a.m.
12:00 a.m.

Moon H.-K. * Choi Y.-J. Kim M.J. JeongAhn Y. Yang H.
Jeong M. Ishiguro M. Baek S.M. Choi J. Sim C. K. Lee D.
Park S.-Y. Kim P. Kwon S.-J.
Shin G.-H. Ryu K.-S. Kim S.-G.
Lee J.-S. Seo J.-G. Kim S.-Y.
Kim D.-G. Shin I.-H. Park S.-O.
Chung T.-J. Shin G.-S. Choi H.-T.
Yoon H.-S. [INVITED]
Prado J. Y. * Hestroffer D.
Herique A.

Barbee B. W. * Lim L. F.
Aslam S. Sarli B. Lyzhoft J.
Hewagama T. Nuth J. Liounis A.
Nakamura R. Hughes K.
Purves L. Lewis R.
Smith D. E. * Sun X.
Mazarico E. Cremons D.
Zuber M. T. Neumann G. A.
Goossens S. J. Barker M. K.
Mao D. Head J. W.

12:15 p.m.

Scheld D. * Dreyer C. Durda D.
Farrand B. Abell P.

12:30 p.m.

Lange C. Ho T.-M.
Grundmann J. T. * Chand S.

12:45 p.m.

McMahon J. W. *
Keplinger C. M.

Apophis Rendezvous Mission for Scientific Investigation and
Planetary Defense [#2065]
We propose a rendezvous mission to Apophis to monitor
the target before, during, and after the encounter to see if
there are any significant changes in spin and the surface. If
the budget is secured, the mission will start in the
year 2022.

APOPHIS Express, a Unique Opportunity for Visiting APOPHIS
in 2029 [#2050]
The mission scheme that is proposed consists in a very fast
mission, less than one month, from the launch to the
delivery of a scientific payload on Apophis surface, with a
possible sample return option.
Reconnaissance of Apophis (RA): A Mission Concept for
Exploring the Potentially Hazardous Asteroid Apophis During
Its 2029 Earth Encounter [#2010]
This talk describes a concept currently in development for a
small spacecraft mission (<180 kg) to study Apophis before,
during, and after the 2029 Earth encounter.
BREAK
A Mission Concept for Measuring Changes in Apophis During
Earth Encounter [#2003]
A mission concept for a small space-craft to rendezvous with
Apophis, deploy a simple passive tracking device on the
surface, and co-orbit the sun with the asteroid for several
years making observations of the surface, its structure,
and rotation.
Charming Apophis — HUMMINGBIRDsCHARM (HsC)
Interview with Apophis [#2074]
If the dynamics allow for a rendezvous, then there is
potential for an HsC primary vehicle rendezvous and
“potential” for release of multiple Hummingbirds. This
would be detailed remote sensing with the ability to explore
the surface, but short of sample return.
This is What a MASCOT Can Do for You —
at Apophis [#2068]
We outline the capabilities of the asteroid nanolanders
MASCOT, MASCOT2, and the options for optimized
MASCOT@Apophis designs in particular for small spacecraft
rendezvous missions to Apophis.
Area-of-Effect Softbots (AoES) for Surface Science During
Planetary Flyby [#2036]
A new soft-robotic platform – AoES – which are being
developed under a NIAC grant are presented for use in
measuring change in Apophis’ surface and spin during flyby.
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Non-Contact Seismology on Asteroid 99942 Apophis [#2019]
Laser Doppler vibrometers could be used to collect seismic
data for 3D deep interior imaging of small planetary bodies
like 99942 Apophis. LDVs are simple and robust, operate
remotely from stable orbiters, and sample motion at many
surface locations.
Apophis Pathfinder: A Smallsat Mission to Investigate the
Potentially Hazardous Near Earth Asteroid
(99942) Apophis [#2060]
The MILO Institute’s Apophis Pathfinder smallsat mission
would perform a close flyby of (99942) Apophis up to 3 to 5
years before its historic 2029 Earth flyby, providing advance
data on the asteroid’s characteristics to inform the
2029 missions.
Is the Technology Ready for a CubeSat Apophis
2029 Mission? [#2039]
In this study, we will evaluate the feasibility of designing a
low-cost Apophis 2029 mission utilizing current or
forthcoming CubeSat technology.
PHACE: Potentially Hazardous Asteroid CubeSat
Exploration Mission [#2007]
We propose a 6U CubeSat mission PHACE (Potentially
Hazardous Asteroid CubeSat Exploration) to investigate the
asteroid 99942 Apophis during 2029. PHACE aims to
rendezvous with Apophis and take in situ measurements
with a camera and NIR spectrometer.
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Abstract Title and Summary
Considerations for the Application of Probes for Mineral Sampling
on Apophis [#2001]
Our group previously examined design considerations for motor units of
space probes and unmanned aerial vehicles for use in Mars missions as
well as on asteroids. We hereby extend these design considerations to its
use for the 2029 99942 Apophis.
Ultraviolet Imaging and Composite Infrared Spectrometers for the
Measurement of Apophis Effects on Earth’s Atmosphere [#2052]
Ultraviolet Imaging Spectrometry and Composite Infrared Spectrometry are
two techniques, which could be utilized for the detection and monitoring
changes in the Earth’s atmosphere (magnetosphere, ignorosphere,
thermosphere) for the Apophis fly-by.
A Re-Evaluation of Olivine-Pyroxene Spectral Calibrations and Implications
for Apophis [#2012]
Understanding the physical and compositional properties of Apophis will
benefit from new analyses of mafic silicate mixtures and LL chondrites
reflectance spectra.
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Close proximity motion relative to (99942) Apophis.
S. Aljbaae 1, D. M. Sanchez 1, A. F. B. A. Prado1, J. Souchay 2, M. O. Terra 3, R. B. Negri 1, and L. O. Marchi 1
1
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3
Instituto Tecnológico de Aeronáutica, São José Campos, SP, 12228-900, Brazil.
Introduction: In this work, we orientate our study
to provide a detailed discussion on the dynamics of a
spacecraft in orbit close the asteroid (99942) Apophis
during its Earth close approach, on April 13, 2029.
We consider the polyhedral shape of our target, obtained from photometric observations [1], assigning
each tetrahedron to a point mass in its center ([2], [3],
[4]). That considerably reduces the total processing
time compared to other methods to evaluate the gravitational potential. We obtained the physical properties
and analyzed the equilibria near Apophis. The surfaces of section technique in a body-fixed frame is
used to describe the behaviors of orbits considering or
not the perturbations of the planets in our Solar System and the Solar Radiation Pressure.

In order to characterize the less perturbed regions
around Apophis, massless particles orbiting the system with initial semimajor axis between 0.5 and 10
km with an interval of 25 m have been integrated. We
vary the initial eccentricities from 0 to 1 with a step
size of 0.005, and tested equatorial and polar orbits.
The initial conditions of the planets are computed by
the JPL's HORIZONS ephemerides on March 1, 2029.
Almost all the tested orbits collide or escape from
the system after 43 days of integration, just after the
close approach with Earth. In Fig. 2 we present the
type of the tested orbits integrated for 40 days (right
column) and 60 days (left column).

Equations of motion: The motion of a test particle close to the asteroid, during the close approach is
integrated with the classical equations of motion in
the body-fixed frame of reference, considering the
gravitational action of all the planets in our Solar System and also the Solar Radiation Pressure [5], [6], [7].
Results: In Fig. 1, we compare, in the top panel,
the perturbations of the SRP and Earth at different
epochs in a region extending from 0.5 to 20 km from
the center of Apophis. In the bottom panel, we present
the evolution of these perturbations over time, on the
acceleration of a spacecraft on a circular orbit at a
distance of 1 km from the center of our target. We can
notice that the Earth perturbations quickly increases
and becomes larger than the asteroid's gravitational
attraction itself. That leads to highly perturbed orbits
in Apophis system.

Figure 2: Type of orbits around the asteroid (99942)
Apophis for 60 days (left column) and 40 days (right
column) starting from March 1, 2029.

Figure 1: The relevant perturbations on the acceleration of a spacecraft close to (99942) Apophis

Considering our results for 40 days of integration,
we delineated the less perturbed regions in the system using the variation of the semimajor axis. The
minimum value founded of this variation is 0.05 km,
the variation of the corresponding eccentricity is of
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0.128, which is still a non-negligible variation presented in Fig. 4. However, an interesting part of the
region around Apophis is heavily perturbed, that appears in the Fig. 5, beyond 4 km from the center of
Apophis.

Figure 3: An example of the less perturbed orbits
close of Apophis over 40 days.
Figure 5: Controlled orbit close to (99942) Apophis,
in the inertial frame.

References:

Figure 4: The variation maps of the semimajor axis
coming from the ensemble perturbations on real system of Apophis.
In order to solve the stabilization problem for the system around Apophis, We applied the sliding mode control
theory, controlling only the geometry of the orbit, trying to
keep the orbital elements nearby the desired values ([8],
[9]). In Fig. 5 we present an example of orbit successfully
stabilized using a total Δv of 0.495 m/s for 60 days of operation.
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RECONNAISSANCE OF APOPHIS (RA): A MISSION CONCEPT FOR EXPLORING THE
POTENTIALLY HAZARDOUS ASTEROID APOPHIS DURING ITS 2029 EARTH ENCOUNTER. B. W.
Barbee1, L. F. Lim2, S. Aslam2, B. Sarli2, J. Lyzhoft2, T. Hewagama3,2, J. Nuth2, A. Liounis2, R. Nakamura4, K.
Hughes2, L. Purves2, R. Lewis2, 1NASA/Goddard Space Flight Center (GSFC), Code 595, 8800 Greenbelt Road,
Greenbelt, MD, 20771, brent.w.barbee@nasa.gov, 2NASA/GSFC, 3University of Maryland, 4JAXA
Introduction and Background: The ~325-meter
size [1] Potentially Hazardous Asteroid (PHA)
designated 99942 Apophis (2004 MN4), hereinafter
referred to simply as Apophis, will make a historic close
approach of Earth on April 13th, 2029, depicted in Fig.
1. On that date, Apophis will pass within ~31,346 km of
Earth’s surface, which is ~4,439 km closer than our
geosynchronous orbit satellites.

closest approach occurs during daytime in Hawaii and
Chile, and the circumstances of the Earth approach
preclude finer than ~75 m spatial resolution nearinfrared imaging via ground-based assets. By contrast,
imaging of Apophis via our planned onboard spacecraft
instrumentation is expected to achieve ~15 m spatial
resolution at an asteroid distance of ~100 km, as a point
of reference. Finer resolutions will be available at
shorter distances from the asteroid, achievable during
post-rendezvous proximity operations. Additionally, the
central region of the 2.7-micron hydroxyl (OH) band
(2.5 to 2.85 microns) is not observable from the ground
due to the opacity of Earth’s atmosphere. An example
of this for the asteroid 433 Eros is provided in Fig. 2.
The significance of collecting data at this wavelength is
made clear in the next section.

Fig. 1. April 2029 Close approach of Apophis to
Earth. (credit: CNEOS)
The 2029 close approach to Earth by Apophis
presents an unparalleled opportunity for collecting data
on a several hundred meter size asteroid of Apophis’
spectral type (Sq, corresponding to LL chondrite
meteorites [2]) while it undergoes heretofore
unobserved processes due to effects from Earth’s
gravitational field throughout the close approach event.
The uniqueness of the opportunity presented by the
2029 Apophis/Earth encounter cannot be overstated.
We know of no other similarly close Earth encounter by
a similarly sized asteroid of any spectral type within the
next century. Further, we are fortunate that our mission
concept for availing ourselves of this singular
opportunity can be accomplished with our proposed
Reconnaissance of Apophis (RA) mission for a small,
low-cost spacecraft utilizing minimal instrumentation.
That eases mission implementation and reduces risk,
compared to interplanetary missions of larger size/cost
class.
Apophis’ extraordinarily close encounter with Earth
provides a truly unique opportunity to observe planetary
encounter effects on a minor planet. These observations
are best performed in situ via spacecraft. Apophis’

Fig. 2. Ground-based Infrared Telescope Facility
(IRTF) spectrum of S-type asteroid 433 Eros in the
hydroxyl (OH) region [3]
Apophis Science Opportunities: At present, little
is known regarding how minor planet regolith material
will respond to the gravitational effects of a close
planetary approach. Those effects may reconfigure the
regolith in a way that serves to essentially “reset” the
effects of space weathering on the regolith material.
Such resetting would affect interpretation of remote
spectroscopic observations of minor planets in terms of
their ages, formation processes, and migration histories.
The OH band (2.7 microns) has been observed on
the Moon in spite of the largely anhydrous lithology of
the lunar rocks, as shown in Fig. 3.
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Fig. 3. Lunar spectra from EPOXI showing the
hydroxyl (OH) feature at ~6—10% band depth at
2.8 microns [4]
The dominant hypothesis is implantation of
hydrogen by solar wind. However, the rates and
amounts involved are unclear. Searching for this signal
on Apophis before and after Earth encounter may shed
light on the effects of solar wind in this regard, as well
as on the influence of the Earth encounter and
environment on that phenomenon.
The RA mission will also map Apophis’ thermal
inertia, which provides key parameters for Yarkovsky
acceleration models necessary for understanding
Apophis’ dynamical evolution and future orbital and
rotational motion, particularly out to distant time
horizons. Ground-based CanariCam and Herschel
PACS data have provided a global average estimate of
50 to 500 for the thermal inertia of Apophis. [5] The
large uncertainty in that estimate will be substantially
reduced by the data collected by our mission. As one of
the most potentially hazardous among the PHAs,
accurate modeling of Apophis’ heliocentric orbit and
possible future Earth encounters is essential (just as it is
for the PHA Bennu, for which the OSIRIS-REx
spacecraft mission is currently providing key data,
including thermal inertia).
In addition to the foregoing particular science tasks
unique to the Apophis/Earth encounter, our mission will
perform the perhaps more commonly expected asteroid
science observation tasks, including searching for and
characterizing any natural satellites of Apophis that
might be present, and measuring Apophis’ mass, bulk
density, gravitational field, crater and boulder
populations, and detailed shape.
Finally, the OSIRIS-REx mission has observed
unexpected surface particle ejection events on the
Bennu [6], raising the question of how common this
behavior is for minor planets in general, as well as
whether those events can occur on a largely anhydrous
object such as Apophis. Our mission will attempt to
detect whether Apophis exhibits such particle ejection
processes.
RA Mission Overview: The RA spacecraft will
have an initial mass of approximately 180 kg and is
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designed to launch in early 2024, utilizing low-thrust
solar electric propulsion to intercept Apophis for a ~1
km/s relative speed close flyby in late 2026, and then
come to rendezvous with Apophis in August of 2028,
approximately eight months prior to the historic Earth
close approach in April 2029. The spacecraft will
remain in close proximity to Apophis from eight months
before Earth close approach until at least several months
after, thereby providing detailed monitoring of Apophis
before, during, and after the Earth close approach event.
A rendering of an exemplar mass-optimized RA mission
trajectory design is provided in Fig. 4.

Fig. 4. Exemplar mass-optimal RA mission
trajectory.
The preliminary design of the RA spacecraft is
shown in Fig. 5. As noted previously, RA will carry only
two instruments. One is the Apophis Thermal Camera
(APTCam), currently under development at NASA’s
Goddard Space Flight Center (GSFC), and the second is
a visible wavelength camera by Malin Space Systems,
inc. (notionally, TTCam).
APTCam
Malin
Camera

Omni(2x)

Fig. 5. Preliminary RA spacecraft design.
References: [1] Brozovic M. et al. (2018) Icarus
Vol. 300, 115—128. [2] Reddy V. et al. (2018) AJ 155 ,
140 [3] Rivkin A. et al. (2018) Icarus Vol. 304, 74—82.
[4] Sunshine J. et al. (2009) Science Vol. 326, 565—568.
[5] Licandro J. et al. (2016) A&A VOL. 585, A10. [6]
Lauretta D. S. et al. (2019) Science Vol. 366, Issue 6470.
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KEY NEAR-EARTH OBJECT CHARACTERISTICS MEASUREMENTS FOR PLANETARY DEFENSE.
B. W. Barbee1, B. Sarli2, J. Lyzhoft2, J. Nuth2, L. Purves2, R. Lewis2, 1NASA/Goddard Space Flight Center (GSFC),
Code 595, 8800 Greenbelt Road, Greenbelt, MD, 20771, brent.w.barbee@nasa.gov, 2NASA/GSFC
Introduction and Background: Near-Earth
Objects (NEOs) are asteroids and comets whose orbital
perihelion distance is <1.3 au. NEOs, therefore, have
the potential to closely approach or impact our planet.
Indeed, numerous small NEOs strike the Earth
harmlessly on a regular basis; some of these, on the
order of one to several meters in size, are sufficiently
energetic to create detectable signatures when
exploding without harmful consequences in the upper
atmosphere. Progressively larger NEOs collide with
Earth less frequently, but such impacts become
increasingly consequential with NEO size and mass,
up to events that may have severe local, regional, or
even global consequences. Some such events have
been directly observed in modern history (e.g., the
Tunguska Event of 1908, and, more recently, the
Chelyabinsk impact in February 2013), and evidence
of more severe impacts are found in residual Earth
impact craters and the fossil record (e.g., the regionally
devastating Barringer Meteor crater impact of ~50,000
years ago, and the extinction-level CretaceousPaleogene impact of ~65M years ago).
NASA, other United States government agencies
(including the Department of Energy (DOE) and the
Federal Emergency Management Agency (FEMA),
and other US government agencies), and other nations’
government agencies, institutions, and organizations
all around the world are engaged in the development of
Planetary Defense capabilities, so as to provide for
defense against future Earth impacts by hazardous
NEOs.
One of the primary goals of Planetary Defense
capability development efforts is the early detection
and tracking of potentially hazardous NEOs that may
be on Earth collision trajectories, thereby affording as
much warning time as possible. The more warning
time available in an Earth-impacting NEO scenario,
the more time is available to learn about the
threatening object via both remote observations and
rapid response in situ spacecraft reconnaissance, and
the more flexibility is available in selecting appropriate
means of mitigating the threat posed by the NEO.
In this talk we will discuss the key characteristics
of NEOs to be measured via reconnaissance efforts
during a potentially hazardous NEO scenario. Time
will always be of the essence in such a scenario, and
efficient usage of reconnaissance resources and
capabilities will be imperative. Thus, prioritization of
NEO characteristics to be measured for Planetary

Defense purposes is an important area of current
research, per actions specified in the United States
Near-Earth Object Preparedness Strategy and Action
Plan. [1]
Uncertainties in key NEO properties, such as
orbital state and mass, may be very large during the
early stages of a potentially hazardous NEO scenario.
Therefore, decisions regarding NEO reconnaissance
and mitigation missions may have to be made while
details of the potential threat remain uncertain.
Fundamental limitations on the capabilities of remote
observations (e.g., via ground-based telescopes and/or
space-based telescopes very distant from the NEO)
mean that in situ reconnaissance of the NEO via
spacecraft may be the only means of reducing key
NEO characteristics uncertainties sufficiently in an
adequately timely manner. Doing so would enable
NEO threat mitigation to be carried out more
effectively and reliably.
At a high level, the current notional prioritization
of NEO characteristics to measure for Planetary
Defense purposes is (in decreasing order of notional
priority): Precise orbit; mass; binarity; shape (with
mass, bulk density can be solved for); strength; internal
structure (including porosity); mineral composition;
and detailed surface topology.
In addition to informing reconnaissance and
mitigation mission planning, NEO characteristics
knowledge is required for modeling of potential NEO
impact consequences on Earth, as well as planning for
civil defense and other emergency/disaster response
measures.
While more data about an NEO can be gathered via
a rendezvous spacecraft reconnaissance mission than a
flyby spacecraft reconnaissance mission, flyby
missions may be more responsive because flyby
mission launch opportunities are generally more
plentiful in a given hazardous NEO scenario, and can
often reach the NEO more quickly after launch. Thus,
we are motivated to learn the capabilities and
limitations of flyby missions for rapid response NEO
reconnaissance to inform Planetary Defense efforts,
and this is also an area of current research that will be
discussed.
Finally, we will discuss the types of sensor systems
necessary for effective NEO reconnaissance, what
sensor technologies may be prioritized for
development for Planetary Defense purposes, what
trades and sensitivity studies are being planned to

1
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answer the research questions under consideration,
how NEO characteristics measurement requirements
and prioritization may change as a function of the
fundamental nature of the potentially hazardous NEO
scenario at hand (e.g., the requirements and priorities
for reconnaissance of an incoming asteroid in a
relatively Earth-like orbit might differ from the
requirements and priorities for reconnaissance of an
incoming hyperbolic comet), and how new
developments in the area of risk-informed Planetary
Defense mission design processes and analyses may
affect the prioritization of NEO characteristics
measurements.
References: [1] National Science and Technology
Council, National Near-Earth Object Preparedness
Strategy and Action Plan, www.whitehouse.gov
(2018)
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APOPHIS PATHFINDER: A SMALLSAT MISSION TO INVESTIGATE THE POTENTIALLY
HAZARDOUS NEAR EARTH ASTEROID (99942) APOPHIS. J.F. Bell III1, and L. Papsidero2,
1
Arizona State University, School of Earth and Science, 2Lockheed Martin Space
Introduction: The MILO Space Science
Institute [1] (http://miloinstitute.org), a non-profit
deep space mission collaboration between Arizona
State University, Lockheed Martin, and GEOshare,
is planning a mission called Apophis Pathfinder.
The dedicated mission would focus specifically on
performing the first-ever close flyby of the ≈370
meter diameter, potentially hazardous near Earth
asteroid (99942) Apophis, launching well-before
the 2029 flyby, and reaching the asteroid within
approximately a year. Apophis occasionally comes
extremely close to Earth. For example, on April 13,
2029, it will pass Earth's center of mass at a
distance of approximately 31,000 km – roughly
five Earth radii above the surface and well within
Earth's geosynchronous satellite ring. This
extremely close pass of such a relatively large
object
represents
a
once-in-a-millenium
opportunity to study not only a relatively large
potentially hazard object in general, but potentially
also the internal structure of such a body because
of the potential tidal effects that the Earth will have
on it [2]. As such, we assume that one or more
large-scale (perhaps Discovery class or larger)
robotic missions will be formulated and flown by
the world's major space agencies to study (99942)
Apophis just before, during, and just after its 2029
close flyby.
To inform and influence planning of flyby or
encounter missions around the time of the 2029
flyby, MILO's Apophis Pathfinder mission would
conduct a precursor flyby investigation of the
asteroid up to 3 to 5 years in advance. The mission
would use a pair of small spacecraft (less than 50
kilograms each) to provide initial reconnaissance
data designed to increase knowledge of the
asteroid's orbit, to provide initial geologic and
compositional information, and to estimate its
mass and density [3]. This knowledge would be
obtained using data from small and high-heritage
payload elements like visible to near-IR and
thermal imagers, near-IR point or imaging
spectrometers, and a deep space radio
communications system. Such flyby data would
provide new scientific information on asteroids

like (99942) Apophis, a so-called "S type" asteroid,
similar to the LL Chondrite meteorite class
according to its visible to near-infrared spectrum
(similar to more than 80% of the other known nearEarth asteroids) [4]. Mission data would not only
enhance advance planning for future missions to
(99942) Apophis but would also provide additional
data needed to formulate future Planetary Defense
strategies for this object as well as others like it.
The Apophis Pathfinder mission would allow
for payload flight opportunities, spacecraft
teaming opportunities, data processing and
analytics training and development opportunities,
and Principal Investigator training. Apophis
Pathfinder would be conducted by a consortium of
U.S. and international universities and space
agencies that join the MILO Institute's
membership-based model for deep space
exploration.
Acknowledgments: We thank R. Binzel and A.
Earle (MIT) and L. Benner, S. Chesley, P. Chodas,
I. Gat, R. Park, C. Raymond, K. Reh, and R.
Wessen (all from JPL) for stimulating and
motivating discussions about potential mission
opportunities to study (99942) Apophis.
References: [1] See, for example, "The MILO
Institute: A new model for deep space
exploration," Space News, Dec. 21, 2018 and
http://miloinstitute.org. [2] R.P. Binzel, 2019 IAA
Planetary Defense Conf., Abstract 19-03-01, 2019.
[3] J.F. Bell III, 2019 IAA Planetary Defense
Conf., Abstract 19-03-09, 2019. [4] R.P. Binzel et
al., Icarus, 200, 480, 2009.
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APOPHIS 2029: A PLANETARY DEFENSE AWARENESS AND EDUCATION OPPORTUNITY. B. Betts1
and C. Dreier1, 1The Planetary Society, 60 S. Los Robles Ave., Pasadena, CA 91101, USA,
bruce.betts@planetary.org
Summary: The Apophis flyby in 2029 is the best
opportunity to date to raise awareness of all aspects of
planetary defense, and to educate the public and
policymakers about asteroid science, the actual nature
of the broader asteroid threat, what is being done to
reduce the threat, and pathways for improving future
detection and deflection capabilities. Putting Apophis
specific resources in place far ahead of the encounter
will increase awareness, raise excitement about this
amazing event, and help combat the inevitable
misinformation and doomsday bogusness that will
arise.
Introduction: Due to the ongoing COVID-19
crisis, the public is unusually attuned to the importance
of disaster preparation. The planetary defense
community can leverage this current awareness to
better share information and achieve positive policy
outcomes in support of NEO observations,
characterizations,
and
deflection
planning.
Additionally, the event-centric nature of the 2029
Apophis flyby, which is estimated to be visible to 2
billion people, will provide a single rallying focus by
which to raise awareness of the asteroid threat. The
close alignment of these two events provide a truly rare
opportunity in the history of planetary defense to shift
public and policymaker awareness of NEOs from
theoretical into the experiential realm, making the
threat “real,” for lack of a better term, and thus more
likely to result in real, positive changes to NEO
detection and deflection policy across the world.
Apophis Specific Information: Apophis specific
resources can include web pages, informational videos,
posters, and instructions for viewing the close
approach, and interviews with experts. The Planetary
Society is developing plans for all of these.
Content provided should include basic information
about Apophis and about the 2029 and 2036
encounters including emphasizing it won’t hit Earth,
and how we know it won’t hit Earth. Communications
should also include the scientific and planetary defense
opportunities that the Apophis encounters represent.
There should be a variety of materials on Apophis
available far ahead of time – including credible
resources for the press, the public, and policymakers.
Preparation for the Apophis encounter should
involve strong proactive media plans. When possible,
these should include positioning of well-known
spokespeople.
Broader communication should include a variety of
influence campaigns. These can include social media

including techniques such as hashtag campaigns.
Other campaigns can involve volunteers/ambassadors
and other individuals directly sharing Apophis
information to friends and to groups and schools to
whom they are talking. For the actual encounter we
will want to put out observing information and
encourage observing parties.
Since the Apophis encounter and planetary defense
are global in nature, multi-language translations of
materials should be produced when possible, including
the languages of the nations with the best viewing
opportunities during the close approach.
Planetary Defense Information for the Public: A
real opportunity exists to use the interest in the
Apophis encounters to raise awareness of and educate
the public about the broader asteroid threat. The
Planetary Society has already been developing such
resources as discussed below and plans to develop
more. With Apophis as the attention getter, we hope to
weave in the story of asteroid impact as an infrequent
but real and preventable natural disaster, using the
experience of the COVID-19 pandemic as a framework
and example of preparation and government response.
We can expand on the true nature of the threat and
what is being done to prevent future impact and what
still needs to be done. In this way, we can get not only
a more informed public, but also a public more
supportive of planetary defense and asteroid science
efforts.
Planetary
Defense
Information
for
Policymakers: Similar efforts in information
dissemination must be made towards global political
leaders, with additional emphasis on the large gaps in
the world’s preparedness, ideally with a “to-do” list of
widely-accepted policy prescriptions to improve NEO
detection
and
deflection
capability.
The
recommendations should address both advanced spacefaring nations and nations without space programs.
Consistent policy messaging could help achieve
permanent improvements to NEO surveillance and
deflection capabilities throughout the world.
Background -- Existing Planetary Society
Resources: One of The Planetary Society’s three core
enterprises is Planetary Defense, and a key part of that
is a commitment to NEO public and policymaker
education.
In addition to ongoing coverage of
planetary defense through web, print, and
radio/podcast, we have several other recent products.
As a background to the Apophis discussion and to
make the community aware of these resources, they are
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summarized here. We hope this will be of use to
others wishing to spread awareness and garner support
for planetary defense and asteroid science. Links to all
of the following resources can be found at:
http://planetary.org/defense
Web Resources/FAQs:
The Planetary Society has a variety of web
information about planetary defense including a well
trafficked Frequently Asked Questions page on the
asteroid threat. We will be adding additional Apophis
information.
The Planetary Society provides unique
budgetary analysis and raw data on planetary
defense spending by the United States. This highlights
the modest levels of investment and demonstrates that
there is ample room to grow national investment
without significant cost to taxpayers. This helps
provide crucial context when communicating to U.S.
policymakers. Efforts to expand these data to include
other nations will proceed throughout the next decade.
Posters, Stickers and other Products: TPS
partnered with space artist and designer Thomas
Romer to create a graphic poster that illustrates the
effect of past catastrophic impacts, and methods to
deflect future asteroid threats. The poster as well as Tshirts, stickers, and pins went to backers of a
Kickstarter and can now be purchased. Similar type
products could be produced for Apophis.
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Online Class and Toolkit: We created an online
Asteroid Defense 101 course that uses the Teachable
interface, images, graphics, video, and humor to give
information about the asteroid threat and how to be a
Planetary Defender. The short course is taught by Dr.
Bruce Betts. Through short video lectures, quizzes and
other content it equips viewers in the general public to
become actively involved in saving the planet by
raising awareness of the asteroid threat.
We have a Planetary Defense toolkit that brings
together online several of our resources to aid those
who want to share Planetary Defense information.

Other Videos: Also available are the special
Planetary Defense editions of The Planetary Society’s
short, educational, and humorous Random Space Fact
videos. This is a set of six videos, each about 1 to 2
minutes in duration.
The first episode is an
introduction to the threat, and that is followed by 1
episode per step in The Planetary Society 5 step plan
for asteroid defense. They use a fun theme of What if
the Dinosaurs had a Space Program.

Also available are the following infographic as well
as an accompanying NEO threat overview infographic.

Conclusion: With Apophis 2029, the world will be
figuratively and literally looking at a near Earth
asteroid more than ever before. So, let’s seize this
opportunity not only scientifically but also to
communicate, advocate, and educate.
Acknowledgments: We thanks Planetary Society
members and donors who make these efforts possible.
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APOPHIS T-9 YEARS AND COUNTING: SETTING THE STAGE FOR THE SCIENCE OF PLANETARY
DEFENSE. R. P. Binzel1, 1Department of Earth, Atmospheric and Planetary Science, Massachusetts Institute of
Technology, Cambridge, MA 02139 USA; rpb@mit.edu.
Introduction: The 350-meter asteroid (99942)
Apophis, an object 5-times larger and 100-times more
massive than the Tunguska impactor, will safely miss
the Earth on Friday April 13, 2029. However, its close
flyby distance at an altitude of 31,000 km (closer than
geosynchronous satellites; about one-tenth the lunar
distance) provides a once-per-thousand-year natural
experiment as a learning opportunity for the science and
planetary defense. Our current challenge is to perform
detailed studies of what physical effects, if any, may be
induced on Apophis by Earth's tidal forces. By
corollary, mission studies are needed to explore how
measurements of any physical effects of this "natural
experiment" may be used to deduce the internal and
structural properties of potentially hazardous asteroids.
The 2029 encounter opportunity makes Apophis the
"poster child for planetary defense" transitioning the
field to a new era from space situational awareness to
space situational understanding.
Community Support for Holding Apophis T-9
Workshop: This workshop is an outcome of multiple
community recommendations. NASA's Small Bodies
Assessment Group (SBAG) issued a finding in January
2019 encouraging NASA and the small bodies
community to determine the science and planetary
defense goals for the 2029 Earth flyby of (99942)
Apophis, and to evaluate the opportunities, both in
space and on the ground, that the flyby affords.
Similarly, a resolution passed by the 2019 International
Academy of Astronautics Planetary Defense
Conference acknowledged that the occurrence of such a
large asteroid flyby is a once-per-thousand year natural
event that will provide a unique opportunity for
advancing small body knowledge for both science and
planetary defense. Thus emerging is broad recognition
of the Apophis 2029 event as the Planetary Defense
Opportunity of the Decade, if not the millennium.
Workshop attendees will be encouraged to participate in
developing a White Paper for the upcoming Planetary
Decadal Survey so that the Apophis opportunity is
recognized as a key science opportunity of high priority.
Motivation for the Science of Planetary Defense:
Interiors of asteroids remain terra incognita, just as the
interior of Mars has remained unknown for millenia up
to the time of the current InSight Mars mission. Thus,
the fundamental question: "What is the internal
structure of a potentially hazardous asteroid?" is of
interest both for science and for planetary defense. Here
we argue that the objectives for science and planetary

defense are all one in the same. As an axiom, we
propose: Knowledge is the first line of planetary
defense. ("Know thy enemy.") From the observed
outcome of the 2029 encounter it may be possible to
determine whether Apophis is a solid monolithic body
or loosely held conglomerate "rubble pile." For the
latter, the scale of internal fracturing could range from
Apophis being a "gravel pile" to being a bi- or multilobate structure of just a few large blocks. These vastly
different physical constructions have a correspondingly
huge range of intrinsic strengths; dramatically
illustrating challenges to any future eventuality of actual
planetary defense mitigation planning. Having specific
knowledge of the detailed internal structure for one
potentially hazardous asteroid could prove invaluable to
the security of future civilization.
Objectives for the Apophis T-9 Workshop:
As we move toward implementing plans for the
Apophis opportunity, we seek to quantify:
• What Earth-based measurements are uniquely
enabled, and to what reasonable precision, by virtue of
Apophis’ minimal close approach distance?
• What measurement techniques can be employed,
Earth-based or in situ, to detect and measure physical
changes to Apophis that may be induced by tidal
stresses created by the Earth encounter? What level of
measurement precision is reasonably achievable?
• What measurement techniques can be employed,
Earth-based or in situ, to detect and measure physical
changes – including seismic vibrations – from which the
interior properties and structure of Apophis may be
deduced? What level of measurement precision is
reasonably achievable?
• What extent of physical changes, if any, do models
predict to result from the close approach, including the
amplitude and frequency of possible seismic vibrations?
• Does the precision of measurements, expected to be
reasonably achievable, fall within the range of model
predictions?
• If measurements are achieved, within the expected
level of precision, but no physical effects are detected,
what scientific knowledge outcomes are delivered by a
“null result”?
• Do the science outcomes of a “null result” have
sufficient merit such that the Earth-based or in situ
measurements are worthwhile to execute?
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Radar Reconnaissance of 99942 Apophis. M. Brozović1, L. A. M. Benner1, S. P. Naidu1, M. W. Busch2, J. D.
Giorgini1, P. A. Taylor3, E. G. Rivera-Valentin3, A. K. Virkki4, F. C. F. Venditti4, S. E. Marshall4, M.C. Nolan5, E. S.
Howell5, 1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA
(marina.brozovic@jpl.nasa.gov), 2SETI Institute, Mountain View, CA, USA, 3Lunar and Planetary Institute,
Universities Space Research Association, Houston, TX, USA, 4Arecibo Observatory, University of Central Florida,
Arecibo, PR, USA, 5Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ, USA.
Introduction: Goldstone (X-band, 8560 MHz) and
Arecibo (S-band, 2380 MHz) radar observations of
99942 Apophis in 2012-2013 at ~0.097 au revealed an
elongated, asymmetric object that could be bi-lobate
(Fig. 1). The delay-Doppler images placed a lower
bound on the long axis of 450 m and yielded an
equivalent diameter of 340±40 m [1]. The radar data are
consistent with short-axis mode non-principal axis
rotation (NPA) reported by Pravec et al. [2].
Apophis will make relatively distant passes within
0.22 au in 2020, 0.11 au in 2021, 0.26 au in 2028, and
then make an extremely close flyby within six Earth
radii from the geocenter in April, 2029.
In 2029, Apophis will be the strongest near-Earth
asteroid (NEA) radar target since radar observations
began in the 1960s. The close flyby will enable
observations using a variety of radar techniques, and
may include some that have never been applied to an
asteroid previously. This will provide an unprecedented
opportunity for scientific discoveries.
Radar observations prior to 2029 : Apophis will
be observable by radar in October 2020 at Arecibo; in
2021 at Goldstone and Arecibo; in September 2028 at
Arecibo; and in 2029 at Goldstone, Arecibo, and
numerous other radar facilities around the world. New
ranging measurements in 2020 and 2021 should reveal
the magnitude of the Yarkovsky acceleration, which is
currently the dominant source of orbital uncertainties
for Apophis. In 2021, Goldstone observations can begin
in February and could provide coarse-resolution images
with bistatic reception at Green Bank. Arecibo will be
able to observe Apophis for weeks at closer distances
than in 2013, and the SNRs will be about three times
stronger. We expect to obtain Arecibo delay-Doppler
images with a resolution as fine as 15 m/pixel that
should yield thorough rotational coverage and
substantial improvement in the 3D model, size, and spin
state. If the thermal inertia is estimated from thermal
infrared observations in 2021, then the updated radar
model, coupled with a Yarkovsky effect detection,
could provide an estimate of the asteroid's mass and
bulk density. Apophis will also have a favorable optical
apparition for photometry which should provide a
refined spin state estimate. The combined optical and

radar spin state uncertainties could be small enough to
predict the orientation of Apophis in 2029 which would
lead to better predictions of the spin and surface/shape
changes due to tidal effects during the closest approach.
Science in 2029: In 2029, Apophis will approach
Earth from the south at a declination of about 30 deg,
rapidly move past Earth, and then recede at a declination
of +17 deg. Observations at Goldstone could start as
early as mid-March and last until mid-May.
Observations at Arecibo could start one day after closest
approach and continue into at least early June.
The extremely close flyby will enable delayDoppler imaging at the highest resolutions available at
Goldstone (1.875 m/pixel), Arecibo (7.5 m/pixel), and
Canberra (1.875 m/pixel) that will place in excess of
10000 pixels on the asteroid and reveal considerably
more detail than in 2021. We expect detail in Goldstone
images twice as fine as achieved for 2014 HQ124 (Fig.
2), an object similar in size to Apophis. High-resolution
radar imaging will span weeks before and after the
flyby, cover multiple rotations, and yield detailed 3D
models and spin state estimates before and after the
encounter, which will be compared to determine the
extent to which terrestrial tides cause Apophis to
reorient. Detailed modeling should provide 3D models
with sufficiently small uncertainties in the moment of
inertia ratios to constrain the asteroid's mass distribution
and to check for changes due to the flyby. The 2029
model will have substantially more detail than the
model estimated from images obtained in 2021, and will
dramatically improve estimates of the asteroid's volume
and bulk density.
A comparison of the pre- and post- flyby highresolution images could also detect changes to the spin
state and might even reveal subtle tidally-induced
changes on the surface. Dual-polarization imaging will
enable polarimetric investigation of the surface
roughness, regolith distributions, and changes that may
occur during the flyby. 70 cm radar observations at
Arecibo and Green Bank may be able to map the depth
of regolith and reveal features not visible on the surface.
Ground-based long-wavelength radar sounding of the
interior may also be possible.
The very close approach in 2029 will enable other
radar facilities such as Haystack (Massachusetts) and
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TIRA (Germany) to image Apophis with resolutions of
several centimeters, which should reveal dramatically
more detail than images obtained at Arecibo or
Goldstone.
Due to the southern declinations prior to April 13,
2029, Goldstone and Canberra will be the best facilities
for high-resolution radar imaging during the approach.
Apophis becomes observable at Arecibo one day after
the closest approach and it remains detectable at signalto-noise ratios strong enough for ranging measurements
until at least early June. The most effective use of
Arecibo in the week following the close approach may
be as a receiver of Goldstone transmissions due to the
higher resolution (1.875 m versus 7.5 m) available.
Bistatic imaging will be necessary while Apophis is
within several lunar distances due to the short round-trip
light travel times and the asteroid's slow rotation of ~31
h. The 100-m antenna at Green Bank has long observing
overlaps with Goldstone, and we plan to use it as a
receiver after the object sets at Arecibo.
Radar speckle observations will be crucial for
detecting spin state changes because they precisely
measure the instantaneous spin state vectors. The strong
SNRs will enable speckle measurements for at least 10
days pre- and post- flyby between Goldstone, Arecibo
and elements of the Very Large Baseline Array
(VLBA). Radar speckle observations may also be
possible in Australia using the 70 m DSS-43 antenna at
Canberra to transmit and Modra and a single antenna the
Australian Telescope Compact Array (ATCA) to
receive.
Astrometry obtained in 2029, coupled with
significant improvements in estimates of the Yarkovsky
effect acting on Apophis, will enable accurate orbital
predictions for decades into the future and vastly
improved estimates of future close encounters.
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Figure 1. Goldstone delay-Doppler images of 99942
Apophis from 2013 (modified from [1]). Time delay
(range) increases from top to bottom and Doppler
frequency increases from left to right. The range pixel
resolution is 18.75 m. Arrows point to a bifurcation in
the radar echo.

References: [1] Brozovic M. et al. (2018) Icarus, 300,
115-128. [2] Pravec P. et al. (2014) Icarus, 233, 48–60.
Figure 2. Delay-Doppler image of 2014 HQ124, an
object similar in size to Apophis, obtained in 2014
using DSS-13 to transmit and Arecibo to receive. The
range resolution is 3.75 m/pixel. Goldstone images of
Apophis in 2029 should achieve a resolution of 1.875
m/pixel and reveal even more detail than is evident on
2014 HQ124.
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ASTEROID DEFLECTION: SENSITIVITY TO MATERIAL PROPERTIES. M. T. Burkey,1 M. Bruck Syal,1
R. A. Managan,1 Owen, J. M.,1 and D. S. P Dearborn,1 1Lawrence Livermore National Laboratory, P.O. Box 808,
Livermore, CA, 94550, USA.
Introduction: While the orbit of 99942 Apophis is
well-defined and gives no indication for concern about
an Earth impact in the near future, its 2029 close passage
offers an extraordinary opportunity to learn more about
potential near-Earth asteroid threats. In particular, there
is much to be gained by sending a reconnaissance
mission to Apophis, as the material properties of nearEarth asteroids remain poorly constrained. If a
deflection mission is needed in the future, accurate
numerical simulation of asteroid response depends
partly upon our understanding of near-Earth asteroid
material properties.
The 2010 National Research Council report to the
United States Congress found that with enough notice,
a kinetic impactor would be the first choice of defense
against an Apophis-like catastrophe [1]. On a timescale
of a decade or more, an impactor can be effective in
some scenarios. However, in the event of a surprise shift
in trajectory such as passage through a gravitational
“keyhole,” or if another Apophis-like asteroid were to
present itself with little time before impact, nuclear
mitigation would be the next best deflection option
before resorting to emergency response. Recent
research has shown that 101955 Bennu, which has a
1/2700 chance of impacting Earth in the late 2100’s,
would require six successful deflections by the
maximum transportable payload by NASA’s SLS
rocket, even with 25 years of warning time [2]. In
contrast, one nuclear deflection with extant technology
is sufficient (and would not require the SLS) [3].
As a result, there has been significant work within
the planetary defense community to model both kinetic
and nuclear deflection of asteroids using multi-physics
codes, including ongoing interagency collaboration to
quantify uncertainties associated with using these
approaches to deflect an asteroid. Outside uncertainties
associated with modeling these exotic worlds
completely and correctly, including the general lack of
knowledge about a targeted asteroid’s structure and geotechnical properties, would be a large limiting factor in
determining the range of outcomes for the asteroid’s
response. The close approach of Apophis to Earth in
April 2029 would be an ideal opportunity to put
constraints on the most relevant uncertainties for the
small but rapidly growing body of knowledge gathered
from probes directly visiting asteroids that could one
day be applied to a new near-Earth asteroid (NEA)
threat.

Kinetic Deflection Uncertainties: Previous work
has looked extensively at how near-Earth asteroid
material properties can affect kinetic impact deflection
outcomes [4]. Strength, porosity, shape, rotation, and
equations of state can each affect the impact ejecta
properties and extent of damage in the asteroid. Both of
these outcomes are important for predicting the total
delivered impulse (spacecraft momentum plus ejecta
momentum) and the risk of weak disruption in a
vigorous push scenario (where the needed change in
speed approaches the asteroid’s escape speed).
More recent work has added in the details of rubble
pile structure effects, wherein the porosity of an asteroid
can be accounted for in a stochastically-varying
distribution of boulder shapes and sizes, with matrix
material filling in the gaps (Fig. 1). Stress wave
interactions with these more realistic structures are
substantially different than for a homogenous asteroid
model. This has repercussions for both kinetic and
nuclear deflection of asteroids. Another aspect of
advancing simulation capabilities is fine resolution of
the spacecraft shape itself, while including the entire
asteroid in the calculation (Fig. 1). Much of this work is
motivated by the upcoming DART mission [5].

Fig 1. Rubble pile model of a Didymos B-sized ellipsoid and
DART-scale impactor. Boulder material (red) is modeled with
distinct properties from the matrix material (green).
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Nuclear Deflection Uncertainties:
Nuclear
mitigation can be divided into two different methods,
where the mode of choice depends on the details of the
orbit, warning time, and size of the asteroid.
Nuclear Deflection. The first method, nuclear
deflection, involves detonating a nuclear device at a
distance with the intent of releasing enough photons and
neutrons to melt and vaporize some surface material,
which will ablate away and deliver opposing
momentum to the still-intact asteroid. An example
simulation of a nuclear deflection for a Bennu-shaped
asteroid can be seen in Fig. 2.
Fig 3. Normalized x-ray energy depositions for various
asteroid compositions.

Fig 2. Nuclear deflection using x-rays deposited on a halfscale Bennu shape model (250-m diameter). Red indicates
velocities of 10 km/s and blue indicates 10 cm/s. Here, only
the near-surface region is modeled, to focus on quantifying
blow-off momentum from vaporized and melted material.

When using this method, the surface properties of the
asteroid are of particular interest. Understanding the
energy deposition behavior for the materials present in
the asteroid’s surface is paramount to making a correct
deflection velocity (Dv) estimate. Prior work has
included some initial scans over material choices to
calculate sensitivities, finding variations in the resulting
Dv of up to a factor of three [3,6]. None of those
explorations included the detailed mineralogies of
asteroidal materials (or approximate surrogates); studies
are currently underway to determine what the effects of
adding iron, or using more realistic asteroid
compositions might yield. Preliminary studies (see Fig.
3) indicate that the presence or lack of iron could have
a nontrivial impact on Dv estimates.
Nuclear Disruption. For short warning time
scenarios, when deflection can’t work, a nuclear
disruption can be carried out (Fig. 4). This involves
coupling as much energy as possible to the asteroid, so
that the shock wave pulverizes the asteroid into a welldispersed fragment distribution. The fragment
distribution is then tracked using an n-body integrator,
to confirm that these smaller pieces will miss the Earth
by a wide margin.

Fig 4. Disruption calculation for a 50-m Fe-Ni asteroid, using
1 Mt proximity burst. Each color represents a fragment after
the shock wave shatters the asteroid.

Applications for Apophis: We will present the
current understanding of how asteroid material
properties affect both kinetic and nuclear deflection and
disruption outcomes. This will include new energy
deposition and reradiation calculation efforts. These
results will be relevant for Apophis mission design and
instrumentation choices which seek to inform planetary
defense.
References: [1] National Research Council Reports to
Congress, Defending Planet Earth: Near-Earth Object
Surveys and Hazard Mitigation Strategies. (2010). [2]
Barbee B. W. et al. (2018) Acta Astronautica, 143, 37–
61. [3] Dearborn D. S. P. et al. (2020) Acta
Astronautica, 166, 290–305. [4] Bruck Syal M., Owen,
J. M., and Miller, P. L. (2016) Icarus, 269, 50-61. [5]
Stickle, A. M. et al. (2017) Proc. Eng., 204, 116-123.
[6] Howley K. M., Managan R. A., and Wasem J.
(2014), Acta Astronautica, 103, 376–381.
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Introduction: The asteroid, 99942 Apophis, will
approach within a ~0.1 lunar distance, or ~36,700 km,
from Earth on April 13, 2029. Being the only Potentially
Hazardous Asteroid (PHA) to approach Earth in this
close of proximity before the year 2200 also makes the
flyby a unique and crucial opportunity to gather
information to prepare planetary defense strategies.
Further important measurements to be made by an
Apophis 2029 mission will require amongst its
instrument payloads a thermal infrared imaging
spectrometer. Asteroid thermal environments can be
extreme with equatorial regions experiencing diurnal
temperatures of ~200 to ~400 K for fast-rotating, nearEarth asteroids, with larger ranges expected for slowrotators. Detailed characterization of the surface
requires high quality thermal imaging with an ability to
obtain highly accurate temperature measurements
across the full range of thermal environments present on
the surface. To meet these requirements, our
investigation will utilize instruments with all reflective
optics and advanced thermal infrared detectors.
Specifically, we will utilize the same thermopile
technology successfully employed at the Moon by the
Diviner Lunar Radiometer (Diviner) on the Lunar
Reconnaissance Orbiter (LRO) and at Mars by the Mars
Climate Sounder (MCS) on the Mars Reconnaissance
Orbiter (MRO).
Objectives: Potential investigations would broadly
fit in the following four areas, with appropriate
modifications for specific asteroid properties.
1) Characterize the diurnal thermal environment at
all latitudes, including the spin axes.
2) Map and characterize regions (at scales down to
cms) where complex organics and water-ice may
be thermally stable on surface or in the
subsurface.
3) Characterize the local thermophysical properties,
including the distribution and abundance of rocks
on the surface and in the near subsurface.
4) Characterize local compositional properties and
abundance of silicates, oxides, hydrated
minerals, organics, and volatiles.
Since Apophis is an Sq-type, not all of the above are
relevant to Apophis, but may be applicable to PHA of
other types in the future.
Our approach is based on the fact that the thermal
infrared provides both unique and complementary
information on environment, physical properties, and
composition that are critical for addressing high-priority

Figure 1: 10-μm brightness temperatures of Bennu as
observed by OSIRIS-REx’s OTES [10].
science questions. Therefore, it is critical that a highly
capable thermal infrared instrument be available for
future asteroid surface exploration and planetary
defense missions like Apophis 2029.
Thermal Environment. At the most basic level, and
like all thermal infrared radiometers, our instrument is a
thermometer. Although the surface expression of
temperature is a balance between endogenic and
exogenic sources, we know from existing lunar
measurements that the actual thermal behavior is quite
complex, including significant effects from topography,
thermophysical properties, and albedo at a wide range
of spatial scales [e.g., 1-6]. To fully characterize the
diurnal thermal environment, the minimum detectable
temperature of our instrument must be lower than the
lowest temperature expected to be relevant.
Thermopiles offer the only demonstrated means of
measuring extremely low temperatures (i.e., <100 K)
with a non-cryogenic detector, which significantly
lessens power consumption requirements.
Cold Traps: Areas near the asteroid axis or rotation
(i.e., “polar regions”) contain particularly interesting
thermal environments. For asteroids with low spin axis
inclinations, significantly lower temperatures may be
present due to persistent or permanent topographic
shading. Thus these areas could be important for coldtrapping complex organics and volatiles. Nextgeneration thermopile detectors are more sensitive than
those used in Diviner, which has already provided
unprecedented thermal maps of the lunar polar regions
at scales of hundreds of meters [1, 6]. Therefore, our
instrument would be capable of accurately measuring
temperatures below 50 K at cm-scales for close-range
observations. Understanding the difference between
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accessible, sub-meter-scale shadowed regions is critical
to understanding volatile stability, sources, and
potential resources, and is only readily identified by
their temperature.
Thermophysical Properties. Measurement of
variations in temperature with time, is key to
understanding the thermophysical properties of airless
body surfaces. Invariably a scene is composed of a
surface exhibiting many temperatures both due to
variation in the local incidence angle of the Sun, and by
differences in thermophysical properties and albedo.
Because of the temperature variations, the spectrum of
a pixel that includes these many temperatures will
deviate from the spectrum of a pure blackbody.
Therefore, multispectral measurements can be used to
detect temperature units at the subpixel level. For
example, in the case of Moon the relative abundance of
rocks and soil [2], regolith thermal inertia [5], and
surface roughness [4] have been determined from
multispectral thermopile measurements used to
characterize the deviation from pure blackbody
behavior.
Composition: Most geologic, organic, and cryogenic
materials have strong absorption and transmission
features in the mid- and/or far-infrared that can be used
to determine the bulk composition of the surfaces where
they are found. In the case of the Moon, Diviner used
three narrow mid-infrared passbands near 8 microns to
characterize the bulk silicate mineralogy found on the
lunar surface, including a high concentration of silica
and iron found in localized volcanic features [e.g., 7-9].
Compositional constraints from thermal-infrared
techniques would be much stronger with additional
spectral information from the airless body surfaces. To
measure compositional properties requires multiple
passband channels at specific wavelengths where
materials with asteroid compositions can be
discriminated.
Instrumentation:
Given
the
focus
on
thermophysical properties and composition, the
excellent performance of thermopiles for this
environment, our instrument is based on this
technology. Continued development since MCS and
Diviner has led to higher density arrays that will fly in
2020 on the Polar Radiant Energy in the Far-InfraRed
Experiment (PREFIRE) mission and that were also
previously advanced to TRL 6 for the harsh thermal and
radiation environment found at Europa via ICEE
funding. The specific instrument implementation is
flexible depending on the opportunity and
programmatic risk posture (Table 1).
Near Build-to-Print Copy of Diviner. The simplest
implementation would be to re-fly Diviner with small
modifications in the filter passbands to reflect the
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science objectives of the target asteroid. Diviner’s dual
actuators give it the ability to scan and image any
proximal scene, which it demonstrated on orbit by
taking a “portrait” of LRO. However, this is also the
highest mass and cost option and would offer more
limited spatial resolution.
Advanced Articulating Pushbroom Imager.
Investments in thermopile technology have resulted in
larger format arrays at varying levels of development
from TRL4 (128x64) through TRL8 (64x8). These
advanced arrays enable higher spatial resolution for
similar scale optics. The new arrays are also compatible
with single telescope systems and flight proven, lowermass articulation systems, which provides a significant
reduction in mass and cost while providing superior
performance.
Wide Field of View Full-Frame Imager. The
technologies required to produce a full 2D thermopile
array without the gaps between elements used in the
pushbroom designs has been demonstrated to TRL4. An
instrument built around this technology could be paired
with a filter wheel and wide field of view optics to
provide a unique combination of capabilities and enable
the rapid acquisition and interpretation of thermal data.
Table 1: Instrument Architectures
Advanced
Wide FOV
Articulating
Diviner
Full-Frame
Pushbroom
Imager
Imager
Mass
10 kg
<5 kg
<3 kg
Power
12 W
<10 W
<7.5 W
Dual
Telescope
64x8 to
2D 128x64
Detector
21x6 &
128x64
(no gaps)
21x3
3.4 x 6.7
IFOV
<1 mrad
5.4 mrad
mrad
Spectral
0.3 to 400
0.3 to 200
0.3 to 200
Range
microns
microns
microns
Spectral
9
8 to 16+
6 to 10
Channels
References: [1] Paige D. A. et al. (2010) Science,
330. [2] Bandfield J. L. et al. (2011) JGR, 116. [3]
Bandfield J. L. et al. (2015) Icarus, 248. [4] Vasavada
A. R. et al. (2012) JGR, 117. [5] Hayne P. O. et al.
(2018) JGR, 122. [6] Williams J. P. et al. (2019) JGR
Planets, 124. [7] Greenhagen B. T. et al. (2010) Science,
329. [8] Glotch T. D. et al. (2010) Science, 329. [9]
Bennett K. A. et al. (2015) Icarus, 273. [10] Rozitis B.
et al. (2019) EPSC-DPS Joint Meeting 2019.
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Introduction: It is possible that exogenous material will be detectable on asteroid Apophis; the likelihood of such a detection has increased based on several recent observations. Here, we review this topic
and consider the implications of detecting exogenous
material on Apophis.
Related Studies: The Almahata Sitta meteorites
produced from the breakup of 2008 TC3 were highly
unusual, as the stones contained various different meteorite types [1]. At the time this was as considered an
anomaly, but new data from the OSIRIS-REx and
Hayabusa2 missions suggest that mixed material in
the asteroid belt may be more common than previously thought.
Xenoliths, foreign fragments unrelated to its host
stone, have been found in various types of meteorites,
the most relevant to this discussion being HED (Howardites, Eucrites and Diogenites) achondrites and ordinary chondrites, with a majority of xenolithic material in these meteorites being carbonaceous in origin
[2, 3]. These xenoliths have been studied for some
time, but it wasn’t until recently that foreign material
was also found on asteroids. Data from the Dawn mission confirmed that the carbonaceous xenoliths found
in HED meteorites were related to the dark material
found on the surface of asteroid (4) Vesta [4, 5]. On
near-Earth asteroids (NEAs) (101955) Bennu and
(162173) Ryugu, the OSIRIS-REx and Hayabusa2
spacecraft have both discovered V-type and S-type
material respectively [6, 7, 8]. Due to the primitive
nature of these asteroids it is highly unlikely that
these unique fragments could have formed on them
and are likely exogenous [e.g., 6, 7].
In 2029, the close approach to Earth of NEA
(99942) Apophis will provide the unusual opportunity
to obtain detailed Earth-based and space-based observations. Such observations could reveal something
similar to what was observed on asteroid Vesta: exogenous carbonaceous material on a silicate surface.
Apophis, an Sq-type asteroid likely delivered to its
near-Earth orbit from the ν6 resonance, is associated
with LL chondrites. This group contains the Krymka
meteorite which has been found to have carbonaceous
xenoliths. The 2029 encounter will enhance our abil-

ity to study this phenomenon, which can have implications for the formation of rubble pile asteroids and
the collisional histories of themselves and their parent
bodies.
On Bennu, exogenous material was first identified
from its high albedo and unique visible colors, and the
V-type composition was confirmed spectroscopically.
The surface of Bennu is homogenously dark (mean
geometric albedo of 4.4%), consistent with carbonaceous chondrites, with the exception of a small fraction of much brighter spots [6, 7]. The calculated absolute reflectance of mixed basaltic and carbonaceous
material explained the albedo of bright spots on Bennu, while their distinct spectra matched closely that of
Vesta and other asteroids in its family, confirming
that these spots were V-type [6, 7, 9]. On Ryugu,
there was a similar approach to categorize bright spots
in contrast to a nearly homogenous dark surface;
spectra were taken of these bright spots, which revealed that a fraction were likely S-type [8, 10].
The same methodology can be used in reverse on
Apophis. The geometric albedo for Apophis is estimated to be 0.25±0.11 [11] and for C-types in between 0.03 and 0.10, meaning carbonaceous material
should appear as dark spots contrasted on a bright
surface.
Survivability of Projectiles: The high mean collisional velocity in the asteroid belt (~5 km/s) [12], had
been used as an argument against exogenous material
on asteroids; however, observations clearly show they
survived impact on Bennu, Ryugu and Vesta [5, 6, 7,
8]. Modeling is underway to explore how material
from an impactor can contribute to a rubble pile asteroid after the disruption of its parent body [12].
Implications: The presence and amount of exogenous material on Apophis can have significant implications for studying the collisional histories and formation of NEA’s and asteroids in the main belt. If
carbonaceous impactors can survive on the surface,
the amount of carbonaceous material could constrain
the time Apophis spent in the inner asteroid belt before being scattered by the ν6 resonance, with higher
amounts implying more time spent in the inner belt.
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This can be combined with cosmic-ray exposure ages
in an attempt to link specific meteorites to Apophis.
References: [1] Goodrich, C. A. et al. (2019) Meteoritics & Planet Sci., 54, 2769. [2] Zolensky, M. E
et al. (1996), Meteoritics, 31, 518-537. [3] Briani, G.
et al. (2012), Meteoritics & Planet Sci., 47, 880-902.
[4] McCord, T.B. et al. (2012), Nature, 491, 83-86.
[5] Reddy, V., et al. (2012) Icarus, 221, 544-559. [6]
DellaGiustina et al. (2020) submitted. [7] Kaplan H.
et al. (2019) Asteroid Science in the Age of Hayabusa2 and OSIRIS-REx Abstract #2056. [8] Sugimoto, C. et al. (2019) Asteroid Science in the Age of
Hayabusa2 and OSIRIS-REx Abstract #2051. [9]
Popescu, M., et al. (2019) Asteroid Science in the Age
of Hayabusa2 and OSIRIS-REx Abstract #2096. [10]
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Introduction: By the time of Apophis’ fly-by on
Friday, April 13th, 2029, more satellites than have ever
been launched since the beginning of the space age to
this day will reach low Earth orbit (LEO). Almost all
of them will be microsatellites of less than ≈250 kg
equipped with solar-electric propulsion (SEP). [1]
Proposed Missions to Apophis
At this
conference, several missions to Apophis are proposed.
Apophis Express leverages the high performance
of a SLS Block#1 launch vehicle to insert a payload of
up to 25 t into a near-escape orbit that then brakes by
6.1 km/s to rendezvous, grab a sample, and transfer it
to Earth by re-entry capsule. [2]
A Remote-Sensing Small Spacecraft Mission
carrying lidar, imagers, bolometers, and a deployable
set of laser reflector arrays to be dropped on Apophis
is proposed by Smith et al. Launching in 2026, it
cruises for ~20 months to then operate at altitudes of
1.2 to 0.5 km for several months before moving out to
a more distant location for long-term monitoring after
the encounter. [3]
A Radar Package is proposed by Herique et al. [4]
based on work for the AIM and HERA missions which
use nano-scale sub-spacecraft landing (cf.[5]) or
orbiting in the vicintity of their target, (65803)
Didymos S1, a.k.a. ‘Didymoon’.
Apophis Pathfinder is a quick fast-fly-by mission
of two, <50 kg class spacecraft to see Apophis soon
from close up, envisaged to lanch in 2022/23 and
arriving within a year. [6]
OSIRIS-REx has likely sufficient resources to use
the return of its samples in September 2023 for an Eath
gravity-assist to rendezvous with Apophis in the days
of its encounter with Earth. [7]
Reconnaissance of Apophis (RA) is a small, ~180
kg spacecraft mission envisaging to launch in early
2024 for a ‘slow’ fast fly-by in 2026 followed by
rendezvous in the summer of 2028 to stay all the way
through the Earth encounter. It uses SEP. [8]
PHACE is a 6U cubesat mission launching on the
day of closets approach to chase after Apophis for a
120-day post-encounter mission. It leaves Earth at a
high departure velocity which is challenging to achieve
with COTS cubesat SEP thrusters. [9]
Low-Thrust Technology Options
SEP has
become a mainstram propusion method also for
exploration missions, e.g. the JAXA mission
HAYABUSA2. After the first interplanetary solar sail,
IKAROS, also by JAXA, solar sailing has made recent

advances towards small spacecraft solutions, e.g. the
recently launched LIGHTSAIL-2 and the NEA SCOUT
nearing a rideshare launch on a lunar mission. DLR
has qualified solar sail technologies in the GOSSAMER1 project [10,11] and adapted these for large
photovoltaic arrays needed by SEP in the follow-on
GOSOLAR project designed for smallsat bus systems
like the in-house studied S2TEP concept. [12]
Concept of an Easier Approach: Experience
from these projects and studies, in particular within the
framework of the GOSSAMER Roadmap to Solar
Sailing mission studies [13-16] has shown that the
effort to develop, trade design options and optimize the
related treajectories of low-thrust spacecraft is not
insignificant, in particular for the early study phases of
planetary missions. Once small spacecraft are
envisaged with the intention of using low-cost
secondary
passenger
“piggy-back”
launch
opportunities, the problem becomes more complex. On
the trajectory analysis side it becomes necessary to
patch an uncertain lauch date of e.g. a GTO rideshare
option to an optinized interplanetary trajectory starting
from the common Earth escape condition, c3 ≈ 0. On
the spacecraft side, small spacecraft benefit more from
careful optimization and ‘organic’ integration of their
subsystems which can be achieved by dedicated design
or/and careful selection of off-the-shelf devices. (cf.
[17-21])
Apophis is a special case because many missions
have been proposed already, and it remains a popular
‘poster case’ target for mission analysis work related to
near-Earth asteroids (NEA) or planenetary defense.
Therefore it is possible to compile results from this
body of work to create a trade space relating possible
launch dates, arrival dates, and required spacecraft
performance to achieve these already published
trajectories. On this canvas, a proposed mission
concept or spacecraft design can be evaluated quickly
with regard to its launch windows and flexibility in
case of delays. Conversely, the low-thrust mission
analysis community can use the expected performance
of spacecraft designs still in their early phases to focus
their own effort to generate viable trajectories for these
missions. An optimal way to facilitate this iteration and
proceed quickly with the design of proposed missions
to Apophis is to bring the communities together in
direct and instant communication in a Concurrent
Engineering Facitlity (CEF). [22-24]
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Conclusion: Regarding the missions proposed to
investigate Apophis before, during and after its close
encounter with Earth, it appears beneficial to consider
low-thrust, high delta-V propulsion. SEP has become
the most frequently applied method but also solar
sailing may offer interesting capabilities. [25] To
enable quick design trades and to move ahead with the
design trades and optimizations in early study phases
of Apophis rendezvous and soonest-fly-by missions,
the use of already published or computed trajectories
appears useful.
Acknowledgments: The concept of a trajectory
catalog grew from our work related to the DLR
projects MASCOT, MASCOT2, GOSSAMER-1,
GOSOLAR, and their follow-ons which all started with
studies in the CEF at DLR Bremen. It was propelled
forward at the International Symposium on Solar
Sailing (ISSS) 2019 in Aachen, Germany.
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APOPHIS 2029 PLANETARY DEFENSE MISSION OPTIONS. A. F. Cheng1, R. T. Daly1, O. S. Barnouin1, J.
B. Plescia1, D. C. Richardson2, J. V. DeMartini2, N. C. Schmerr2, J. M. Sunshine2, C. M. Ernst1, B. W. Denevi1, and
J. T. S. Cahill1. 1Johns Hopkins University Applied Physics Laboratory, Laurel, MD, USA (andy.cheng@jhuapl.edu),
2
University of Maryland, College Park, MD.

Introduction: The Potentially Hazardous Asteroid
(PHA) 99942 Apophis will make an extremely close
approach to Earth on 13 April 2029, within ~0.1 lunar
distance or ~37000 km. This apparition provides a rare
opportunity to visit Apophis with a spacecraft and to
make vital measurements to inform and formulate a
planetary defense. Through 2200, no other PHA will
approach as close to Earth. The close flyby of Earth by
Apophis raises the possibility of observing any tidally
induced resurfacing and possible reshaping of the body
as well as possible modifications of the unusual spin
state of the body. Further important measurements to be
made by an Apophis 2029 mission include:
determinations of the Apophis future impact hazard and
Yarkovsky drift; physical properties relevant to
mitigation, like strength and porosity; and internal
structure.
Apophis in 2029: Apophis is an Sq-type near-Earth
asteroid [1] and is elongated and asymmetric with a
mean diameter 340 m as measured by radar [2]. Apophis
is in a tumbling, non-principal axis rotation state [3, 2]
where the strongest light curve amplitude is at a period
of 30.56 hr.
Tidally induced resurfacing, during Earth close
approaches, may explain the apparently fresh and
unweathered surfaces of Q and related type NEAs [4].
Apophis in its 2029 apparition will come to about 6 RE
from Earth, which is well outside the classical Roche
limit (for density 2.4 g/cm3, the Roche limit is at 3.2 RE).
Hence tidal disruption or drastic reshaping of Apophis
are not expected from the 2029 flyby of Earth, but
small-scale surface mass motions or boulder
displacements may be triggered [5]. In addition,
substantial changes in the spin state of Apophis may be
induced by the Earth flyby [6, 7]. Tidally driven stress
build-up may also create seismic activity [8].
Apophis 2029 Planetary Defense Mission (PDM):
To be able to observe the changes that may be induced
by the close approach to Earth, the Apophis 2029 PDM
must rendezvous with Apophis some months in advance
of the close approach on 13 April 2029 and then remain
in rendezvous with Apophis for several months
afterwards. Chemical mission opportunities have been
identified that could launch in late 2027 and arrive at
Apophis in late 2028, with a medium launch vehicle and
total post-launch Δv <1800 m/s.

Mission objectives are summarized in Table 1. The
objectives fall into three main goal areas: impact hazard
risk assessment for the long-term future after 2029;
determinations of physical properties that would greatly
reduce risk for any future mitigation; determinations of
asteroid interior structure. Apophis 2029 PDM will map
the entire surface before and after the Earth flyby, and it
will emplace seismometers and monitor seismic activity
induced by the Earth flyby as well as activity from
micrometeorite impacts and thermal fracturing. It will
conduct an active seismic experiment and perform radar
tomography to characterize internal structure, and it will
observe and measure changes in the Apophis spin state
from the Earth flyby.
Table 1. Apophis 2029 Mission Objectives
Mission
Objectives
Impact risk
assessments

Physical
properties
relevant to
mitigation

Interior
Structure

Measurement
objectives
Orbit determination
and propagation after
2029
Yarkovsky drift
determination
Observe and measure
changes in surface
features and
shape/morphology
Determine
geotechnical
properties, including
strength and porosity
Observe and measure
changes in Apophis
spin state
Characterize
subsurface interfaces,
layers, blocks, or
voids
Observe any changes
from flyby or from
active impactor
experiment

Techniques
Radiometric
tracking
Radiometric
tracking, TIR
imaging
Narrow angle Vis
imaging, VNIR
and TIR spectral
imaging
Seismometers,
active impactor
experiment,
RF gravity or
gravimetry
High-resolution
visible imaging
LF radar,
seismometers,
RF gravity or
gravimetry
LF radar,
seismometers,
RF gravity or
gravimetry

The mission concept uses a rendezvous spacecraft
with one or more 6U CubeSats that may be close-in
orbiting or landed experiment packages. Mission
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implementation options include accommodation of
particular experiments on the main rendezvous
spacecraft or on CubeSats. The rendezvous spacecraft
will carry a narrow-angle camera for optical navigation
and for performing the high-resolution imaging needed
to determine shape and size, to observe any changes in
Apophis from the Earth flyby, and also to measure the
spin state before and after the flyby. This camera should
have 10 cm resolution from 20 km range. The
rendezvous spacecraft maintains a home position, where
it is tracked by and communicates with Earth. Many of
the other instruments can be carried on 6U CubeSats
that are tracked by and communicate with the
rendezvous spacecraft. In particular, VNIR spectral
imaging, thermal spectral imaging, a gravimetry
experiment, a Low-Frequency radar for tomography,
and seismometers can be on CubeSats.
One or more of these experiments (e.g., thermal
imager, active impactor) may alternatively be
accommodated on the rendezvous spacecraft. The active
impactor experiment would have two objectives: to
create a small crater or craters and to provide artificial
seismic stimuli, and can be accommodated on the
rendezvous spacecraft. Gravity field determinations
may be from a dedicated gravimeter in close orbit or
landed on Apophis, and/or from Radio-Frequency
tracking of CubeSats from the rendezvous spacecraft.
An altimeter on the rendezvous spacecraft may further
contribute to size, shape and gravity determinations.
In conclusion, the 2029 Apophis Earth flyby is a
unique opportunity to obtain vital information for
planetary defense by studying Apophis, determining its
internal structure, and observing possible changes due
to tidal effects from the Earth flyby.
Acknowledgement: NS, DR, JS and JDM are
funded under NASA grant 80NSSC19MO216.
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Yu, Y. et al. (2014) Icarus, 242, 82–96. [6] Scheeres, D.
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APOPHIS IMPACT HAZARD ASSESSMENT AND SENSITIVITY TO SPACECRAFT CONTACT. S. R.
Chesley1,2 and D. Farnocchioa1, 1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California
91109, USA, 2steve.chesley@jpl.nasa.gov.
Introduction: The near-Earth asteroid (99942)
Apophis has been the subject of significant scientific
and public attention ever since it was re-discovered in
Dec. 2004 by Gordon Garradd at Siding Spring
Observatory [1], at which point it became clear that the
asteroid would see an extraordinarily close approach to
Earth in April 2029. Initially, an Earth collision in
2029 could not be ruled out, and the impact probability
for 2029 rose as high as 2.7% before dropping to zero
by late December when precovery observations from
Spacewatch dating to March 2004 were reported [2].
As the orbit continued to be refined with additional
observations, the 2029 encounter time and distance
became clear, with current estimates showing a
distance of 37,700 ± 700 km from the geocenter at
2029-Apr-13 21:46 TDB. This is less than 5 Earth radii
from the surface, lower than the altitude of
geosynchronous satellites. Such a close approach will
cause a significant orbital deflection due to Earth’s
gravitational perturbation. For Apophis, the semimajor
axis will increase from 0.92 au before the 2029 Earth
encounter to 1.10 au after, thus Apophis will transition
from an Aten to an Apollo type asteroid through this
encounter.
Resonant Returns: Besides changing the orbit
itself, such a close approach invariably injects
increased uncertainty into post-encounter trajectory
predictions, and in particular a broader range of
possible orbital periods are possible after the
encounter. If certain resonant orbital periods are within
the post-encounter uncertainty then Apophis can return
to the encounter position a number of years later at the
same time that the Earth is there, setting up a possible
resonant return collision [3]. After the 2029 collision
was ruled out, the most interesting potential impact
return was in 2036, seven years and six Apophis
revolutions later. This return was also ruled out with
additional observations, at which point the focus
turned to a resonant return in April 2068 [4], which
currently carries an impact probability of 6.7×10-6 [5].
Yarkovsky Effect: An important element of the
Apophis impact hazard assessment is the Yarkovsky
effect, a subtle nongravitational acceleration related to
the anisotropic emission of thermal radiation [6]. The
Yarkovsky effect leads to a slow drift in the semimajor
axis that is a significant element of the future impact
hazard assessment, and yet so far we have only a weak
direct measurement of the Yarkovsky effect acting on
Apophis [5,7]. However, one can use forward

modeling of the known or estimated physical
properties of Apophis to derive an estimate of the
Yarkovsky effect and an associated uncertainty, which
can then be fully accounted for in the impact hazard
assessment [3].
Spacecraft Perturbations:
The 2029 Earth
encounter of Apophis represents a unique opportunity
to investigate a relatively large asteroid at an
extraordinarily close distance to Earth. Some mission
concepts may call for contacting Apophis with a
spacecraft, whether it be for the purpose of landing,
sample collection or an experimental impact. However,
any contact will inevitably lead to a small perturbation
that might not lead to an ignorable effect in the impact
hazard assessment. In other words, spacecraft contact
could potentially cause Apophis to be deflected onto
an impact trajectory, though it is just as likely that it
would deflect an impact trajectory onto a safe
trajectory. Either of these scenarios has a low
probability, but it is important to note that any contact
taking place pre-perigee in 2029 will be greatly
amplified by the 2029 encounter, while those taking
place post-perigee will have a dramatically reduced
effect on the trajectory. As a part of this presentation
we will characterize the effect of small perturbations to
the orbit, such as might be induced by spacecraft
landings or cubesat impacts, and the implications for
the trajectory in the out years when impacts are
possible.
References: [1] MPEC 2004-Y25 (2004). [2]
MPEC 2004-Y70 (2004). [3] A. Milani, S. R. Chesley,
and G. B. Valsecchi (1999) Astron. Astrophys. 346,
L65–L68. [4] Farnocchia et al. (2013) Icarus, 224,
192–200. [5] Vokrouhlický et al. (2015) Icarus, 252,
277–283. [6] Vokrouhlický et al. (2015) Asteroids IV,
509. [7] Brozović et al. (2018) Icarus, 300, 115–128.
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A RE-EVALUATION OF OLIVINE-PYROXENE SPECTRAL CALIBRATIONS AND IMPLICATIONS
FOR APOPHIS. E. A. Cloutis1. 1Department of Geography, University of Winnipeg, 515 Portage Avenue, Winnipeg, Manitoba, Canada R3C 2C1; e.cloutis@uwinnipeg.ca.

Introduction: Asteroid (99942) Apophis has been
characterized as a possible LL ordinary chondrite and
is in the Sq taxonomic class [1]. The 2029 encounter
offers an unprecedented opportunity for its detailed
examination. Its reflectance spectrum and LL affinity
suggest a surface dominated by olivine, orthopyroxene,
clinopyroxene, and minor metal.
Cloutis et al. [2] introduced a scheme for determining end member abundances and compositions of olivine (OLV) and low-calcium pyroxene (LCP, also
commonly referred to as orthopyroxene) using 0.3-2.5
µm reflectance spectra. This was subsequently extended [3], in a more qualitative way, to account for the
spectrum-altering effects of high-calcium pyroxene
(HCP, also commonly referred to as clinopyroxene).
It was found that some key spectral properties
could be used to quantify OLV and LCP abundances
and their compositions in such two-component mixtures. Spectral properties of most importance included
the wavelength position of a band center in the 1 µm
region, and ratio of various measures of area enclosed
by a reflectance spectrum and straight line continua.
Using these two metrics, a very well-constrained relationship was found for an olivine-LCP series containing ~10 mol% Fe2+. LCP and spectral type B HCP
exhibit absorption bands in the 1 and 2 µm region
(termed Band I and Band II, respectively), while OLV
only has an absorption feature in the 1 µm region
(Band I). It was found that increasing LCP:OLV ratio
results in an increasing Band II/Band I area ratio
(termed BAR), and a decrease in wavelength position
of Band I (because it occurs at shorter wavelengths in
LCP than in OLV) (Figure 1).
Here we look at how deviations from this series affect the derived spectral metrics.
1. Presence of Fe3+. Most natural terrestrial pyroxenes contain some amount of Fe3+. Its presence results
in a 0.75 µm region Fe3+-Fe2+ charge transfer band, but
more importantly, an increasingly steep red slope. This
red slope reduces the depth and area of Band I. To
overcome this, [2] included spectral slope in determination of Band I area.
2. Presence of alteration. Many natural terrestrial
pyroxenes exhibit evidence of alteration, specifically,
narrow H2O-related absorption bands near 1.9 µm and
a greater downturn in reflectance beyond this region,
due to the short wavelength wing of the 2.7-3 µm region OH/H2O stretching fundamental. [2] examined

different ways to measure Band II area to overcome
these effects.
3. Fe2+ content in OLV and LCP. Increasing Fe2+
content results in a systematic shift of OLV and LCP
band centers to longer wavelengths [3,4,5,6]. The effect on the Band I center vs. BAR plot (Figure 1)
would be to shift the “calibration line” upwards.

Figure 1. Plot of Band I center vs. BAR for OLV+LCP
mixtures (curved line) from [1] for ~10 mol% Fe2+
(equilibrium mixture). The left and right vertical bars
show the range over which the curved line can move up
or down (a 100 mol.% Fe2+ mixture would be at the top
of the range – as indicated by the black arrow). The
red arrow show direction of movement of a mixture
where HCP is replacing LCP.
4. Addition of HCP. The addition of HCP at the
expense of LCP will result in a reduction in BAR and
an increase in Band I center position, as HCP has
weaker absorption bands and Band I and Band II centers at longer wavelengths than LCP (for a given Fe2+
content; Figure 1).
5. Exsolved pyroxenes vs. pigeonite. In ordinary
chondrites, pyroxenes can exist as pigeonite (with an
intermediate (~10 mol%) Ca content, or exsolve to Carich (HCP) and Ca-poor (LCP) end members. Pigeonites are spectrally similar to LCPs and follow the general trend of band positions versus Fe2+ content [3].
6. Grain size effects. The effect of increasing grain
size is to reduce overall reflectance and increase band
depths up to optical saturation. For pyroxene and olivine, optical saturation occurs in the range of two to a
few hundreds of microns [7]. Beyond this range, absorption band depths will begin to decrease (as their
reflectance cannot decrease further) and widen (as the
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wings of the bands also reach saturation). Overall
slopes can also change, and the change will depend on
the relative amount of optical saturation of different
absorption bands. For spectra of solid unpowdered
samples, they appear to be invariably blue-sloped compared to powders.
Laboratory spectral studies and Apophis. Our
re-examination of mafic mineral mixture spectra is a
necessary first step for robust analysis of Apophis. It
will be accompanied by a wide-ranging analysis of
ordinary chondrite (LL) spectra, and synthesis of laboratory studies of shock and space weathering. We
are exploring different continuum-removal procedures,
and assessing existing ones. We are also examining the
effects of other phases, such as nanophase iron, metal,
and sulfides, including the results of laboratory experiments on various types of space weathering. The goal
is to develop easy-to-apply and robust spectral metrics
for unraveling and characterizing the physical state and
composition of Apophis and other LL chondrite parent
bodies.
Apophis: 1. Space weathering. The spectrum of
Apophis from [1] is more red-sloped than LL ordinary
chondrites, likely due to space weathering, which reddens and darkens its spectrum. It does not appear to
affect band depths [8], although they appear shallower
due to the decrease in reflectance. Laboratory space
weathering experiments also indicate that ion irradiation does not affect band centers [8].
Apophis: 2. Shock effects. The effect of impact
shock on ordinary chondrites is to comminute and
darken them, largely due to melt and dispersal of
opaque components such as metal and sulfides [9].
Comparison of a shocked-darkened and unshocked
spectrum of the LL5 chondrite Paragould, (Figures 2
and 3) indicates that impact shock darkens it and does
reduce band depths, but does not appear to affect absorption band centers.
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Figure 2. Reflectance spectra of the Paragould LL5
chondrite, showing a 90% shock-darkened+10% unshocked mixture (red spectrum) and an unshocked fraction; grain sizes are the same for both [from RELAB
archive].

Figure 3. Same as Figure 2, normalized at 0.75 µm.

Implications for Apophis, Didymos (and Itokawa). Apophis and Didymos have been classified as
probable LL chondrite parent bodies [1,10] and Itokawa is known to be one [11]. The results of our reanalysis of LL chondrite-relevant minerals, mixtures, laboratory experiments, and meteorites will enable us to better unravel the spectrum-altering effects of variations in
physical properties versus composition. This, in turn,
should allow for new insights into the history and evolution of these (and other) LL chondrite parent bodies.
Acknowledgments: This study was supported by
the Canadian Space Agency, the Natural Sciences and
Engineering Research Council of Canada, the Canada
Foundation for Innovation, the Manitoba Research
Innovation Fund, and the University of Winnipeg.
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THE PLANETARY DEFENSE AND SCIENCE CASE FOR A MISSION TO STUDY APOPHIS BEFORE,
DURING, AND AFTER ITS CLOSEST EARTH APPROACH IN 2029. R. T. Daly1, O. S. Barnouin1, A. F.
Cheng1, J. B. Plescia2, D. C. Richardson2, J. V. DeMartini2, N. C. Schmerr2, J. M. Sunshine2, C. M. Ernst1, B. W.
Denevi1, J. T. Cahill1, A. K. Davis1, N. C. Chabot1, and D. S. Lauretta3. 1Johns Hopkins University Applied Physics
Laboratory, Laurel, MD, USA (terik.daly@jhuapl.edu), 2University of Maryland, College Park, MD, 3University of
Arizona, Tucson, AZ, USA.
Introduction: In April 2029, the asteroid 99942
Apophis will pass within ~36,700 km (5.7 Earth radii)
of the Earth—a distance comparable to geosynchronous
orbit (~36,000 km). Apophis’ close approach in nine
years does not, in and of itself, justify a sending a
spacecraft. Two factors, however, compellingly
motivate a mission to Apophis.
First, according to impact risk data from the Sentry
program, Apophis is among the top three potentially
hazardous asteroids (PHAs), as rated by the Palermo
scale [1]. Characterizing key properties (e.g., mass,
detailed shape, topography, and internal structure) of
Apophis and refining its orbital properties and spin state
will improve predictions for future Earth flybys and aid
the planning of successful mitigation efforts, should the
need arise. Furthermore, Apophis provides a unique test
of models, physical assumptions, and remote inferences
about PHAs that will help inform mitigation efforts for
any future hazardous object.
Second, the 2029 Earth encounter provides a rare
opportunity to observe active tidal forces on a ~340-m
diameter asteroid. Tidal forces will not be strong enough
to break apart Apophis, but may trigger measurable
changes in asteroid rotational dynamics, surface
morphology, exposure of space weathered materials,
and seismic activity [2–8]. The 2029 close passage of
Apophis is the best near-term opportunity to study these
tidal disturbances, which also affect other Solar System
objects that encounter tidal stresses.
Here we focus on the science and planetary defense
motivations for a dedicated mission that targets Apophis
in time for its 2029 Earth encounter. Potential mission
concepts are discussed elsewhere [e.g., 10–12]. A
mission that takes fullest advantage of the science and
planetary defense opportunities presented by the
Apophis flyby will study the asteroid before, during,
and after its closest approach.
Why Apophis in 2029: The evolution of small
asteroids (<5 km) is influenced by YORP driven spinup, impact processes (including impact-induced
seismicity), thermal fragmentation processes, and tides,
when in close-enough proximity to a planet. The 2029
Apophis apparition is uniquely suited for studying how
planetary tides affect asteroids, while also providing
insights into impacts and thermal fragmentation. By
studying the surface, interior seismicity, and rotational

state of Apophis leading up to, during, and after its
closest approach, we can learn about each of these
processes. The Apophis Earth flyby also provides an
opportunity to test the idea that tidally induced
resurfacing from close encounters with Earth may
explain the presence of unweathered surfaces on Q-type
asteroids [3].
Although models predict that Apophis will not be
reshaped at large scales by tidal forces during the
encounter, they do suggest that smaller-scale motion or
displacements may occur, processes that could trigger
seismic activity [e.g., 8]. Apophis has surface slopes as
steep as 45° (Figure 1); such slopes should be close to
failure.

Figure 1. Radar-based shape model of Apophis [13],
colored by surface slope.
It would be wise, however, to remember that
missions often yield results at odds with pre-encounter
models or predictions. Every asteroid visited by
spacecraft has surprised the scientific community (e.g.,
Itokawa, Bennu, Ryugu, Eros, Mathilde, etc.), with
observations that have defied pre-encounter predictions
and models. For instance, OSIRIS-REx has observed
multiple particle ejection events at Bennu [9]. No preencounter models predicted that Bennu would be
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ejecting particles as large and as often as it does. The
extent to which features on Apophis will be reshaped,
the interior structure adjusted, and the asteroid’s spin
state modified by the Earth encounter in 2029 should be
viewed as open questions—questions that can only be
answered by a rendezvous mission that characterizes
Apophis before (to establish a baseline for reference),
during, and after Earth closest approach. A mission that
studied Apophis only after closest approach would not
provide the crucial before-and-after comparisons
required to fully characterize the effects of the Earth
encounter.
Relevant instruments on an Apophis rendezvous
mission could include a high-resolution color camera,
seismometers, and/or a radar sounding instrument,
among others [10–12]. The impactor flux in near-Earth
space, and therefore at Apophis, is reasonably wellunderstood. The flux is such that, within a year, a natural
impact should occur that produces seismic signals that
could be detected by a seismometer on the surface.
A null result (e.g., no detectable change in the spin
state, surface, or interior of Apophis) would still provide
useful information. It would serve as a point of reference
for validating tidal deformation models and bound the
values of properties critical to planetary defense, such
as the bulk strength, porosity, and internal structure of
Apophis and, by extension, other similar near-Earth
asteroids.
Additional Advances in Asteroid Science and
Planetary Defense: From remote sensing, Apophis is
relatively well-understood at global scales geologically,
compositionally, and dynamically [2–8; 13–16], which
makes it an ideal target for characterizing surface
changes and asteroid interior structure. In addition to the
unique science that can only be done because of
Apophis’ close approach, an Apophis mission could
advance a range of asteroid science and planetary
defense topics, including the effects of micrometeoroid
and meteoroid bombardment, thermal fracturing, and
asteroid interior structure.
An appropriately instrumented Apophis mission
could produce first-of-a-kind observations of an
asteroid’s interior structure. This result could be
achieved using seismometers deployed on the surface
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(an active seismic source could be brought, in case
micrometeorites or tidal sources were insufficient to
measure the deep interior structure) or radar sounding.
Asteroid internal structure is poorly understood [17], yet
will significantly affect the outcomes of asteroid
deflection attempts. Apophis in 2029 is, for the next
few decades, our sole chance to study the effects of
Earth tides on PHAs. We maximize our ability to
interpret the tidal effects and prepare for a future
deflection attempt (should the need materialize) if we
determine the structure of Apophis’ interior.
If a mission to Apophis were executed, Apophis and
Bennu (which is also one of the top 3 PHAs on the
Palermo scale [1]) would become the best-characterized
PHAs. The two bodies have very different compositions
and properties, which makes them useful endmembers
for considering how the diverse properties of PHAs
could affect asteroid deflection efforts (if needed at a
future time), since the specific type of PHA requiring
deflection is not known in advance.
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Scheirich6, P. Pravec7, 1University of Maryland, Physical Sciences Complex, 4296 Stadium Dr., College Park, MD,
20742, USA, jdema@astro.umd.edu, 2University of Maryland, Physical Sciences Complex, 4296 Stadium Dr.,
College Park, Md, 20742, USA, dcr@astro.umd.edu, 3Johns Hopkins University, Building 200, 1101 Johns Hopkins
Rd., Laurel, MD, 20723, USA, olivier.barnouin@jhuapl.edu, 4University of Maryland, Department of Geology,
8000 Regents Dr., College Park, MD 20742, USA, nschmerr@umd.edu, 5Johns Hopkins University, Building 200,
1101 Johns Hopkins Rd., Laurel, MD 20723, USA, jeffrey.plescia@jhuapl.edu, 6Academy of Sciences of the Czech
Republic, Astronomical Institute, Fricova 298, 251 65 Ondrejov, Czech Republic, petr.scheirich@gmail.com,
7
Academy of Sciences of the Czech Republic, Astronomical Institute, Fricova 298, 251 65 Ondrejov, Czech
Republic, petr.pravec@asu.cas.cz.
Abstract: Near-Earth Asteroid 99942 Apophis
presents a unique opportunity to study the dynamics,
bulk properties, and interior structure of a rubble-pile
asteroid when it makes its close encounter with the
Earth in 2029 [1]. In order to better understand the
potential outcomes of a tidal encounter between Earth
and Apophis, and to support a potential future mission
to Apophis, we perform numerical simulations of the
encounter. We represent Earth as a single rigid sphere
and the target body as a cohesionless, self-gravitating
granular aggregate of identical spheres in a hexagonalclose-packed
configuration
subject
only
to
gravitational and soft-sphere (elastic) contact forces.
The aggregate has material properties similar to that of
terrestrial gravel, with an angle of friction of ~45 deg.
We use a radar-derived shape model for the
asteroid, along with current best estimates for the
orbital solution of Apophis [2] to simulate the
encounter trajectory, and perform a large parameter
sweep over different potential encounter orientations
and bulk densities for the body. We find that the
median change in the rotational period for Apophis,
sampled for a range of different initial body and spin
orientations, is −1.9 h (mean −0.1 ± 6.0 (1-σ) hours)
during the encounter. Additionally, we measure that
the mean of the largest change in axis length among
the 3 primary body axes, also sampled over trials with
different initial body and spin orientations, is 0.132 ±
0.066 mm during the encounter, assuming a bulk
Young's modulus of 106 Pa (Fig.. 1). Such strains on
the timescale of peak stress during the encounter may
be large enough to be detected by an in-situ
seismometer (Fig. 2).
Acknowledgments: This work was supported in
part by NASA grant NNX15AH90G awarded by the
Solar System Workings program and by the NASA
Planetary Science Deep Space SmallSat Studies Grant
NNX17AK33G. The work at Ondrejov Observatory
was supported by the Grant Agency of the Czech
Republic, Grant 17-00774S. Simulations were carried
out at the University of Maryland on the yorp cluster

administered by the Department of Astronomy and the
deepthought and deepthought2 supercomputing
clusters administered by the Division of Informational
Technology.
References: [1] DeMartini, J.V. et al (2019) Icarus
328, 93-103. [2] Brozovic et al (2018) Icarus 300, 115128.

Figure 1: Distance (𝜇𝜇m) measured at each timestep
between 10 particle pairs with 3 pairs positioned at
the ends of the primary body axes and the rest along 7
random axes throughout the body. This shows the
strains across the different axes of the body due to
tidal stresses over the course of the encounter.

Figure 2: Power spectrum of expected signal due to tidal
strains during the encounter, plotted against Earth noise
models and lunar seismology requirement.
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Twinkle: a space-based observatory for visible and
near-infrared spectroscopy
Billy Edwards1,2 , Giorgio Savini1,2 , Giovanna Tinetti1,2 , Marcell Tessenyi2,1 ,
Ian Stotesbury2 , Richard Archer2 , Max Joshua2 & Benjamin Wilcock2
1. University College London (UCL), 2. Blue Skies Space Ltd (BSSL)
February 2020
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Introduction

globe in two ways: 1) joining its collaborative
multi-year survey programme, which will observe
hundreds of exoplanets and solar system objects;
and 2) accessing dedicated telescope time on the
spacecraft, which can be freely scheduled for any
combination of science cases.

Twinkle is a space-based observatory that has
been conceived to measure the atmospheric composition of exoplanets, study bright stars and
brown dwarfs, and reveal the surface mineralogy
of solar system objects. The satellite is based on
a high-heritage platform and will carry a 0.45 m
telescope with a visible and infrared spectrometer providing simultaneous wavelength coverage from 0.5 - 4.5 µm. The spacecraft will be
launched into a low-Earth, Sun-synchronous polar orbit and will operate in this highly stable
thermal environment for a baseline lifetime of
seven years.
Twinkle will be capable of characterising the
atmospheres of hundreds of exoplanets and its
rapid pointing and tracking capabilities will also
enable the observation of Solar System objects
[1, 2]. Twinkle aims to facilitate a visible and
near-infrared spectroscopic study of a population
of asteroids and comets to uncover their composition as well as obtaining high-SNR spectra of
the outer planets and their moons. Its wavelength coverage, and position above the atmosphere, will make it particularly well-suited for
studying hydration features, that are obscured
by telluric absorption for ground-based observations, as well as searching for other spectral signatures such as organics, silicates and CO2 [3].
Twinkle is available for researchers around the

2

Observing 99942 Apophis
with Twinkle

Two main factors must be considered when assessing the capability of Twinkle to observe
Apophis: 1) the times at which the asteroid can
be observed by the spacecraft and 2) the data
quality that can be obtained during these potential observation periods.
Twinkle’s field of regard, the area of sky in
which the spacecraft can be pointed, is a 40◦ cone
centred on the anti-Sun vector (i.e. the ecliptic
plane). NASA’s JPL Horizons service1 was accessed to obtain the RA, Dec and visible magnitude of Apophis for the period around its closest
approach. Firstly, the ephemerides of asteroid
were compared to Twinkle’s field of regard and
then the rate of movement, in mas/s, was calculated. Twinkle is expected to achieve tracking rates superior to 100 mas/s, with the performance of the updated satellite design currently
under study by industrial partners. Considering
1 https://ssd.jpl.nasa.gov/horizons.cgi

1

Apophis T–9 Years 2020 (LPI Contrib. No. 2242)

2027.pdf

Figure 1: Visible magnitude (top) and rate of
movement (bottom) of 99942 Apophis from 1st15th April 2029.

Figure 2: SNR achieved in each spectral band for
observations of an asteroid with a visible magnitude of 10 (top) and 12 (bottom) with Twinkle
over 1, 10 and 100 observations.

a limit of 100 mas/s would mean that Apophis
could be tracked by Twinkle until around 12th
April 2029, as shown by Figure 1.

References
[1] Billy Edwards, Malena Rice, Tiziano Zingales,
Marcell Tessenyi, Ingo Waldmann, Giovanna
Tinetti, Enzo Pascale, Giorgio Savini, and Subhajit Sarkar. Exoplanet spectroscopy and photometry with the Twinkle space telescope. Experimental Astronomy, 47(1-2):29–63, Apr 2019.

By this time, the asteroid would have a visible magnitude of less than 10 and thus be easily bright enough to obtain high SNR spectra
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nomical Telescopes, Instruments, and Systems,
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While Twinkle could potentially observe
Apophis when it is far fainter than this, the 9th
- 12th April will likely provide the prime observational period for characterisation.
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Vibrations and rotations of asteroids: planetary flyby as an opportunity for internal structure imaging with 6
degrees of freedom instruments. R.F. Garcia1, N. Murdoch1, V. Dehant2, F. Bernauer3, C. Schmelzbach4, H. Igel3,
F. Guattari5, D. Mimoun1, G. Lecamp5, S. Deraucourt6, L. Ferraoili4, S. Stahler4, O. Karatekin2, P. Lognonné6, D.
Giardini4, A. Cadu1, A. Wilhlem1, PIONEERS Consortium, 1ISAE-SUPAERO, 10 ave E. Belin, 31400 Toulouse,
raphael.garcia@isae-supaero.fr, 2Royal Observatory of Belgium, Brussels, 3LMU, Munich, 4ETHZ, Zurich 5iXblue,
Saint Germain en Laye, Brussels 6PGP, University Paris Diderot, Paris.
Introduction: Previous studies of asteroids of size
smaller than one kilometer are recalled. These worlds
appears to be very quiet in terms of vibrations and rotation dynamics. Potential sources of seismic vibrations being limited to small size meteor impacts and
thermal cracks; and difficulties to ensure a proper coupling between the instrument and the ground is making
more complex seismic sounding. In addition, rotation
dynamics is also limited to long term forcing through
Yarkovsky and similar effects. We describe how a
planetary flyby can increase the level of seismic and
rotation dynamics forcing; thus generating larger signals that can potentially be measured by high performance accelerometers and fiber optics gyros deployed
on the surface. An example of potential instrumentation under development is provided through the description of the compact 6 DoF (Degrees of Freeom)
instrument developed in the framework of PIONEERS
H2020 project.
Seismic vibrations of asteroids and planetary
flyby: Various potential seismic sources exist for asteroids (thermal cracks, micro-meteorite impacts, tidal
quakes, artificial sources). However natural sources are
expected to generate either small or rare signals [1,2].
The existence of quakes on the Moon related to Earth’s
tide suggest that the tides due to a planetary flyby between Earth’s and Moon will generate quakes in low
cohesion asteroid materials. Challenges for numerical
modeling of seismic sources and seismic wave propagation are presented.
Perturbations of asteroid rotations and planetary flyby: Tide effects on asteroids during planetary
flyby are also generating perturbations of asteroid rotation parameters [3]. A close encounter with the Earth’s
may disturb the asteroid rotation by large values, thus
providing a way to estimate the inertia matrix of the
body.
6 Degrees of Freedom instrumentation : Instruments capable to probe the translations of rotations of
asteroids on their surface are described. Usual seismic
instrumentation probing high frequency seismic waves
(geophones) is demonstrated to be a good candidate for
sensing small vibration signals. However uncertainties
on the coupling between the instrument and the surface
during accelerations larger than local gravity make the
science demonstration more difficult. A 6 DoF instru-

ment combining high performance accelerometers and
fiber optics gyroscopes is described. The science case
for such an instrument is demonstrated for various
types of applications, including Apophis planetary
flyby. This instrument is currently developed in the
framework of PIONEERS H2020 SPACE project of
the
European
Commission
(https://h2020pioneers.eu/). Complementary between this type of
instrumentation and geophones is discussed.
References:
[1] Garcia, R. F., et al. (2015). Icarus, 253, 159168 [2] Murdoch, N., et al. (2017). Planetary and
Space Science, 144, 89-105 [3] Scheeres, D. J., et
al.(2000) Icarus, 147(1), 106-118
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YARKOVSKY EFFECT FOR TUMBLERS AND NON-CONVEX SHAPES: ASTEROID (99942) APOPHIS
AS A TEST CASE. O. Golubov1,2, A. V. Kopatko1, A. Strelchenko 1, I. Kyrylenko 2, V. Unukovych 1, and Yu. N.
Krugly2, 1V. N. Karazin Kharkiv National University, 4 Svobody Sq., Kharkiv, 61022, Ukraine, e-mail: oleksiy.golubov@karazin.ua, 2Institute of Astronomy, Karazin National University, 35 Sumska Str., Kharkiv, 61022,
Ukraine.
Introduction: Accounting for the Yarkovsky effect is crucial for precise determination of the trajectory of the hazardous asteroid (99942) Apophis and
evaluation of its collision probability.
Presently, both the observed and computed values
of its Yarkovsky force are very uncertain [1]. Still,
we can expect that our knowledge of the asteroid orbit and its physical parameters will increase a lot after its Earth passages of 2021 and especially 2029.
When these data become available, Apophis can
serve as a good test case to assess the reliability of
Yarkovsky effect theories in comparison with observations. Before this happens, it is worth getting prepared by advancing the existing theories in the directions that can potentially be important for precise
simulation of Apophis.
Here we discuss such generalizations by investigating the effect of tumbling and non-convexity on
the Yarkovsky effect. Tumbling of Apophis is an asserted fact [2], its non-convexity, although not yet
measured in sufficient detail, is also inevitable. In the
end, we perform orbit integration using different approaches to the Yarkovsky force computation, and
find how much the collision probability is influenced
by the studied effects.
The Yarkovsky effect for tumbling bodies:
Apophis experiences tumbling motion [2], thus an
extended theory and simulations are required for its
Yarkovsky effect. Such simulations were conducted
by [1], with the conclusion that tumbling does not
strongly influence the Yarkovsky effect. Nevertheless, the question still remains whether this conclusion holds for different thermal inertias, asteroid
shapes, and tumbling regimes.
To get a wider understanding of the effect that
tumbling has on the motion of the asteroid, we use
the methods by [3], but account for asteroid tumbling. In contrast to [1], this approach performs time
averaging of the Yarkovsky effect prior to performing
the surface integration over the asteroid. This allows
us to understand how the relative contribution to the
Yarkovsky effect from different parts of the asteroid

changes as a result of tumbling. On the other hand,
the applicability of this approach is limited to convex
shapes, as for non-convex shapes the surface integral
needs to always come first. This is not critical at the
moment, as the best shape of Apophis obtained by
light curve inversion techniques is convex anyway
[4].
We apply the created code to conduct a parametric study of the Yarkovsky effect for tumblers. We investigate the parameter space, numerically compute
the Yarkovsky effect in different cases, and construct
analytic fits to the numeric results.
When more data on Apophis become available,
they will allow us to test the presented theory at one
single point, and thus to check our general understanding of the Yarkovsky effect on tumblers. Thus
the tumbling of Apophis is not an obstacle but an opportunity to better understand the Yarkovsky effect.
The Yarkovsky effect for non-convex shapes:
There is one more interesting extension to the
Yarkovsky effect not discussed in the literature produced by self-shadowing of the surface even without
thermal inertia.
Our toy model consists of the Rubincam propeller, which has no thermal inertia and thus instantly
re-emits all the incident light (Figure 1) and creates a
Yarkovsky force (Figure 2). In the evening, the
wedges of the propeller absorb and re-emit light by
their meridional sides (blue lines in Figure 2), and
experience the recoil force acting in the equatorial
plane. In the morning, they absorb and re-emit light
by their tilted sides (yellow rectangles in Figure 2),
and the tilt imposes a projection factor to the recoil
force. Therefore, the force pushing the asteroid along
its orbit in the morning is weaker than the force
pushing it against its orbit in the evening, giving rise
to a Yarkovsky effect.
Non-convexity is required for this effect to arise,
but we do not have any information about the nonconvexities of Apophis, thus we simulate the nonthermal Yarkovsky using radar shape models of other
asteroids. We create a ray tracing computer program
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for these simulations. A non-convex shape model of
tumbling asteroid (4179) Toutatis presents a particularly interesting application for the program, as it al lows direct comparison of the effects of non-convexity and tumbling.
This non-thermal component of the Yarkovsky effect could operate even when the thermal Yarkovsky
effect vanishes, e.g. for very slow or very fast rotators.

Fig. 1. Detailed view of the Rubincam propeller, used as an
element in Figure 2..

Fig. 2. Illustration of the Yarkovsky effect experienced by
the Rubincam propeller. After averaging the force over the
asteroid’s rotation period, a net Yarkovsky force remains,
which pushes the asteroid against its orbit.

Influence of the Yarkovsky effect on the collision probability: In the last part of our study, we
perform numerical simulations of the orbit of
Apophis to assess the influence of the Yarkovsky
model on the collision probability.
We do this using a REBOUND software package
that can model the motion of the asteroid, and takes
into account the gravitational perturbations from
other planets and major asteroids, as well as nongravitational effects. Among all the integrators available within this package, we use IAS15 and MER-
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CURIUS integrators which are designed for solving
systems with close encounters.
We create an extension to REBOUND for computation of the keyholes in the b-plane, and use it to
calculate the probability of the encounters with
Apophis in different epochs. We study how the geometric structure of the keyholes and the values of the
encounter probabilities change depending on the assumed model for the Yarkovsky effect. In particular,
we evaluate the importance of the two discussed adjustments of the Yarkovsky effect, namely the tumbling and the non-convexity. The obtained results are
compared with the previous analysis by [1] and [6].
Conclusion: At present, the available theory and
observations of Apophis have already been exploited
to the maximum possible extent. We expect much
new data to come in the next decade, and we must
get equipped with better theories for processing this
data. We think that right now is the best time to develop new methods and study new concepts so when
the 2019 data on Apophis appears we will be ready to
utilize it in the most efficient ways.
Here we propose new numeric models for the
Yarkovsky effect on tumblers and non-convex bodies,
and apply them to asteroids (99942) Apophis and
(4179) Toutatis.
References: [1] Vokrouhlicky D. et al. (2015) Icarus,
252, 277–283, [2] P. Pravec et al. (2014) Icarus, 233,
48-60, [3] Golubov O. et. al. (2016) MNRAS 39773989, [4] DAMIT,
https://astro.troja.mff.cuni.cz/projects/damit/ [5] REBOUND, https://rebound.readthedocs.io/ [6] Farnocchia D. et al. (2013) Icarus, 224, 192–200.
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APOPHIS AND THE WAVES: THE NEED FOR FREQUENCY COORDINATION AND RADIO
AMATEUR AND UNIVERSITY COMMUNITY SUPPORT BEFORE, DURING, AFTER CLOSE
APPROACH. J. T. Grundmann1#, S. Fexer1*, M. Laabs2*, D. Plettemeier2, 1DLR German Aerospace Center,
Institute of Space Systems, Robert-Hooke-Strasse 7, 28359 Bremen, Germany, #jan.grundmann@dlr.de, 2Dresden
University of Technology, Chair for RF Engineering, Helmholtzstr. 10, 01069 Dresden, Germany, *licensed radio
amateur.

Introduction: On Earth most definitely and likely
also around the Moon, in the few days centred on
Friday, April 13th, 2029, 21:45 UT, every informed
and curious naked eye, lens, mirror and dish within the
horizon will be aimed at (99942) Apophis for an oncein-a-1000 years opportunity of scientific observations.
Most will watch or listen. Many will transmit. Some
will get in the way of others. And a few will blast it
with all they can – for the best of science.
No Risk,… It is difficult to make predictions,
especially about the future. But by 2029, the world will
have changed. Again.
The Good… More satellites than have ever been
launched since the beginning of the space age to this
day will reach low Earth orbit (LEO) within the
coming decade – and almost all of them will be in
active use and transmit 24/7/365 providing broadband
services equally to the farthest and most disadvantaged
corners of the globe. Whatever way the Internet of
Things (IoT) will choose to proceed on, along it will
produce billions and billions of microwave
transceivers, most if not all Software-Defined Radios
(SDR), flocking the more prosperous real estate of this
planet. Most pieces of this most delicate and
sophisticated hardware, some of which have not yet
been invented, capable of providing performance and
sensitivity levels several times more than have ever
been experienced, fitted together with a precision
better than today’s finest silicon, will be as common as
pennies and used with the same benign indifference as
an Apollo-era pencil. But a few will fall into the lap of
curious scientific creativity.
…the Bad… In the rush towards a world of calm
convenience at our fingertips, not only the noise floor
will quite likely rise and spread until the few reserved
bands and radio-quiet zones will appear like holes
punched out of a somewhat neglected lawn. There will
also be pressure and occasional pre-emptive
compliance to encroach upon and ultimately fill these
holes with more profitable use, whether by rule or
exemption. [a] Even without such trends, increasing
intensity and occurrence of adjacent-band interference
from sources moving in orbit or in the back pockets of
passers-by can be expected as more and more devices
of everyday life become ‘connected’ and tens of direct-

to-mobile transmitting low-flying satellites are in the
sky at any time and place.
…and the Ugly. Although predictable by its orbit,
the observational situation around Apophis’ fly-by is
highly dynamic in terms of viewing angles, apparent
motion, signal-to-noise ratio, roundtrip delays,
resolution, pulse rates, link budget, and just about
every other parameter including the asteroid’s chaotic
rotation – and all their uncertainties. This hard to
define precisely and highly time-variable once-in-alifetime scenario calls for global coordination, not least
because Earth rotates underneath the sub-asteroid
point. While astronomical observations have been
coordinated successfully many times before, Apophis
will quite likely be the first target to be observed
simultaneously by many active parties which may
include planetary radars, radars for which it will be the
only asteroid ever within range, methods using laser
illumination, in-situ spacecraft transmitting their
telemetry and communicating with landers sounding
the interior. The regulatory world of radio
transmissions however is organized for long-term
stability in allocation and standards, with
correspondingly slow and thorough processes. This is
not to say that such institutions can not handle sudden
exceptions or act consistently in fluid crises. But
unique as it may be to any scientific mind, the Apophis
encounter is not the next banking crisis nor pandemic.
And it is a predictably brief transient one-off event.
… No Fun: The authors hold that the best way to
stay ahead of this challenging situation is to take
matters into the hands of the interested communities.
Consequently, the intention here is not to present a
solution but to initiate the beginnings of the first
discussions towards one that will be timely with
respect to a deadline set firmly by celestial mechanics
and sufficient for all those looking ahead towards it.
Connections to make in this context are not limited
to the following:
 with satellite operators, e.g. for transmitter
blanking times while in the beam
(mutually?) or use of these global
networks to link involved ground stations
 with amateur radio operators, e.g. for offloading spacecraft tracking efforts by
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support from multiple redundant amateoroperated sites, to free up the space
operations ground stations’ ‘big dishes’
for science tasks
 with amateur radio developers, e.g. for
mobile ground stations to collect multistatic data (see below)
 between (planetary) radar facilities, e.g.
for illumination scheduling at pulse level,
possibly including bi- or multi-lateral bior multistatic modes
 with space- and radio-related and other
public awareness and educational outreach
institutions,
to
encourage
own
observations and raise awareness for ‘light
pollution’ in the telescopic as well as radio
bands
Some Examples for Supporting Solutions,
Capabilities, and the Potential for Science:
Fixed and Mobile Ground Stations: On the
premises of the DLR Institute of Space Systems in
Bremen, there is the ham radio club station DK0DLR,
which also acts as a satellite ground station on the
respective bands. It offers a broad variety of frequency
ranges and antenna types, including two sets of
redundant UHF yagi arrays with TLE-tracking rotator.
Affilated with the fixed station, the mobile ground
station L.A.R.S. is used for radio communication at
remote sites. This station is installed in a standard 20 ft
shipping container and can operate on the three main
amateur radio satellite frequencies (VHF, UHF, S
band) and also offers different other experimental
receiving capabilities.
As part of a cooperation with the Hochschule
Bremen, these stations have been equipped with an
experimental SDR WSPR (weak signal propagation
report) receiver.
Both stations are operated and maintained by the
Electronics Laboratory of the Institute.
A huge multi-static radio observation system could
be realized by combining a large number of receive
stations. These stations should be distributed around
the globe to maximize the virtual aperture size.
Utilizing one powerful transmitting antenna to send
a radio signal to the target and receiving it coherently
by 50-200 ground stations could increase the resolution
dramatically, in terms an accurate trajectory and
possibly a medium resolution radar imaging of
Apophis.
The ambiguity of the signal can be resolved by the
a-priory knowledge of the approximate position of the
asteroid.
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Similar, a passive radio system could be realized
utilizing interfering and/or intentionally generated
signals of near-by spacecrafts. The key challenge is
coherency of the receiver and motivation of the
voluntary radio amateurs. Worldwide coherence could
be achieved by GPS disciplined clock sources in
conjunction with a calibration to a common, known
signal (e.g. from a geostationary satellite with known
position)
Motivation of radio amateurs could be increased by
a very low cost or even gratis hardware for the
experiment they could utilize for other experiments
afterwards. In return they would obligate in
participating in the mission.
Conclusion: The long-standing support of the
STEREO mission by radio amateurs monitoring the
live space weather beacons has proven this community
to be of utmost quality and reliability. We strive to
explore and include the capabilities of the public and
interested citizen scientists to achieve the best
observation campaign possible by the end of the
decade.
Acknowledgments: Considerations of other uses
of radars at asteroids in the distance or wireless
networks of nanospacecraft and their connection to
radio/radar astronomy and the radio amateur
community grew from our work on the DLR projects
MASCOT, MASCOT2 and GOSSAMER-1 as well as
through the E-Lab at DLR Bremen run by Lars Hauer.
References: [a] A. Lopatka, Physics Today,
Aug.2020, vol.73, №8, 22-24.
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REVEALING REGOLITH PROPERTIES OF NEAR-EARTH ASTEROIDS. A. Gustafsson1 and N.
Moskovitz2, 1Department of Astronomy and Planetary Science, Northern Arizona University, P.O. Box 6010,
Flagstaff, AZ 86005, 2Lowell Observatory, 1400 W Mars Hill Rd., Flagstaff, AZ, 86011
Introduction: The most common method for
estimating surface grain size of asteroids is by
determining thermal inertia of the body using
thermophysical models. Calculating accurate values of
thermal inertia for asteroids is a difficult process
requiring a shape model, thermal-infrared observations
of the object obtained over broad viewing geometry, and
detailed thermophysical modeling. However, thermal
inertia is a sensitive probe of surface regolith properties
[1], and therefore is of great importance in the design of
instrumentation and observing strategies for asteroid
missions where knowledge of surface properties is
critical.
However, thermal inertia alone cannot
uniquely describe the fully complexity of asteroid
surface properties. This was true for OSIRIS-REx target
(101955) Bennu whose thermally derived grain size
estimates did not accurately represent the rough,
bouldered surface observed by the spacecraft [2].
Radiative transfer models are some of the most
widely used tools for compositional analyses of
planetary bodies. In application to silicate-rich
asteroids, radiative transfer models have almost
exclusively been used to derive olivine to pyroxene
abundance ratios. However, new formulas for deriving
mineralogies from visible and near-infrared spectra of
asteroids with prominent olivine and pyroxene (1 and 2
micron) absorption bands have been developed (e.g. [3,
4]), and the effects of non-compositional parameters
(temperature, phase angle, grain size) have been well
characterized, allowing for a more detailed analysis of
second order effects like grain size and observing
geometry with radiative transfer models.
Methods: We investigate these second order effects
using Hapke radiative transfer modeling. We generate
visible to near-infrared spectra across a range of model
compositions encompassing the silicate-rich ordinary
chondrites meteorites and S/Q type near-Earth asteroids,
grain sizes from 1 micron to 1 cm, and degrees of space
weathering from 1-5. We are then able to validate these
model spectra against ordinary chondrite meteorites and
unresolved S/Q type asteroids with previously measured
physical properties to assess the limitations of our
model.
Expected Results: We have implemented a new
technique utilizing Hapke radiative transfer modeling to
constrain grain size for unresolved asteroid surfaces.
This technique can be applied to a large number of
targets including NEAs and Main Belt asteroids. This
model is optimized for investigating S/Q type asteroids
whose spectra are dominated by olivine and pyroxene

absorption bands. Results from this study will be used
to compliment thermal grain size estimates when they
exist and provide standalone estimates of the surface
properties for a much larger number of near-Earth and
Main Belt asteroids. The visible and near-infrared
spectral analysis in conjunction with thermal grain size
estimates will improve mission target and/or sample site
selection and hazard assessment for potential
impactors.
Applications to Apophis: The 370-m [5] near-Earth
asteroid Apophis has been measured as an Sq-type,
matching well with LL6 ordinary chondrite meteorites
[6] and consistent with the mineralogy range
implemented in our model. Our technique will allow for
reanalysis of existing data [6], of new observations
during future apparitions (e.g. early 2021), and
ultimately of ground based and space based
observations during the 2029 flyby. Specifically, we
will be able to characterize changes in regolith
properties as a result of the flyby. Our tools will provide
an excellent means to assess the consequences of the
flyby on the surface properties from both in situ and
remote observations and will help answer key science
questions regarding surface alterations like grain
sorting, landslides, surface weathering, and more.
Acknowledgments: This research utilizes spectra
acquired with the NASA RELAB facility at Brown
University. This work is made possible by the NASA
NEOO grant NNX17AH06G in support of the MANOS
program.
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Research (Planets), 108, 8064, [2] Dellagiustina, D. N.,
Emery, J. P., Golish, D. R., et al. 2019, Nature
Astronomy, 3, 341, [3] Burbine, T. H., Buchanan, P. C.,
& Binzel, R. P. 2007, Lunar and Planetary Science
Conference, 2117, [4] Reddy, V., Cloutis, E. A.,
Nathues, A., et al. 2011, Meteoritics and Planetary
Science Supplement, 74, 5126, [5] Brozovic, M.,
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300, 115, [6] Binzel, R. P., Rivkin, A. S., Thomas, C.
A., et al. 2009, Icarus, 200, 480
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Direct observation of 99942 Apophis with radar. A. Herique1, D. Plettemeier2, W. Kofman1, S. Zine1, O. Gassot1,
Y. Rogez1, P. Michel3, S. Ulamec4, J. Biele4, T.R Ho5, J.T. Grundmann5, D. Perna6, H. Goldberg7, A.K. Virkki8, F.C.F.
Venditti8, S.E. Marshall8 and D.C. Hickson8, 1Univ. Grenoble Alpes, CNRS, CNES, IPAG, Grenoble, France
(alain.herique@univ-grenoble-alpes.fr), 2Dresden University of Technology, Dresden, Germany, 3OCA CNRS, Nice,
France, 4DLR, Köln, Germany, 5DLR, Bremen, Germany, 6 INAF-OAR Monte Porzio Catone, Italy, 7 Gomspace,
Luxemburg, 8Arecibo Observatory, University of Central Florida, Arecibo, Puerto Rico
Science rational: Our knowledge of the internal
structure of asteroids entirely relies on inferences from
remote sensing observations of the surface and
theoretical modeling [1]. Is Apophis a rubble-pile, as
expected, or a monolithic rock, and how high is the
porosity? What is the typical size of the constituent
blocks? Are these blocks homogeneous or
heterogeneous? The regolith covering Apophis remains
largely unknown in terms of depth, size distribution and
spatial variability. Is it resulting from fine particles reaccretion or from thermal fracturing?
After several asteroid orbiting missions, these
crucial and yet basic questions remain open. Direct
measurements of asteroid deep interior and regolith
structure are needed to better understand the asteroid
accretion and dynamical evolution and to provide
answers that will directly improve our ability to
understand structures and dynamical processes. Probing
of the interior is also crucial for determining material
composition and mineralogy while space weathering
and thermal cycling alter surface properties as observed
by optical remote sensing.
Direct observations of asteroid subsurface are also
required to better model mechanics of such kind of
granular materials in low gravity, to study stability
conditions and to monitor the response of Apophis to
the gravitational constraints induced by its close
approach to the Earth. This is also crucial to plan any
interaction of a spacecraft with Apophis especially for
Planetary Defense purposes.
Radar observation: Radar observation of Apophis
from a spacecraft is the most mature technique capable
of achieving these objectives, by providing a direct
measurement of its interior, giving a context for remote
measurements of surfaces, and the stratigraphic
connection of the observed terrain units. Earth-based
radar has been used for decades now. While space-borne
radar is now a classical method for surface and shallow
subsurface investigation of planets and satellites, it is
still new when applied to small bodies. However,
CONSERT onboard Rosetta/ESA [2] has fathomed a
limited part of the 67P/ Churyumov–Gerasimenko
comet nucleus.
Radar performances in terms of investigation depth,
sensitivity and resolution are highly dependent on the
considered wave frequency band. Performances are also
strongly dependent on the geometry of observation:
incidence angles, measurement orbit arcs, multi-sensor
geometry [3]. For such reasons, a radar dedicated to

small bodies deviates significantly from such
instruments designed for planets or large satellites,
benefiting from small relative speeds but requiring
versatility by-design to cover a large range of operation
geometries.
Covering the whole investigation objectives
requires a minimum of two frequency channels: a low
frequency channel to investigate Apophis' deep interior
with a limited spatial resolution and a higher frequency
channel to image the near surface regolith with the
highest resolution.
Observing regolith and near surface: Imaging the
first tens of meters of Apophis' subsurface with a
decimetric resolution can be achieved with a monostatic
radar with a typical 300MHz – 800MHz frequency
range [3]. Such radar operates on a single spacecraft,
transmits radar signals and measures the wave reflected
or scattered by the first tens of meters of Apophis.
Channel at 300MHz-800MHz. With one acquisition
sequence, the measured scattered-power map provides
the 2D distribution of geomorphological features (rocks,
boulders, cavities, layers, etc.) that are embedded in the
shallow subsurface while multipass acquisition is
required for a 3D tomography of the regolith.
This radar channel allows to identify layering, to
characterize the spatial variation of the regolith texture,
(related to macroporosity and the size of the constituting
grains) and then to reconnect surface measurements to
internal structure. Apophis subsurface dielectric
properties can be estimated from the scattered power or
from the spatial signature of reflectors.
Channel at 2.3 GHz. An additional channel at higher
frequency like S-band (2.3 GHz) allows to map surfaces
with a lower penetration depth. Associated with
multipass observation, it is a unique opportunity to map
the surface at an accuracy equal to a fraction of
wavelength (λ≈12cm), to support shape modeling by
interferometry as done in Earth observation,
determination of the dynamical state with identification
of excited modes, and to support gravimetric
measurement with a direct ranging of the SpacecraftApophis distance. On Apophis, it is a unique way to
accurately quantify mass redistribution and shape
modification induced by gravitational constraints at
Earth closest approach.
Observing deep interior: Deep interior
tomography requires a low-frequency radar to penetrate
throughout the complete body. The instrument could be
then a monostatic, with a single spacecraft, or a bistatic
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radar, using two platforms or more to measure the signal
transmitted throughout Apophis, as CONSERT did
onboard Rosetta orbiter and Philae lander [1], [2], [4],
[5].
Monostatic radar. A low frequency channel like 60
MHz offers a larger penetration (up to 100 meters or
more) with a limited resolution (≈5 m). It corresponds
to the instrument under implementation for the Juventas
Cubesat on Hera/ESA mission [11].
As for the regolith, multipass tomography allows to
rebuild a 3D tomography of the interior to identify
internal structure like layers, voids and sub-aggregates
to bring out the aggregate structure and to characterize
its constituent blocks in terms of size distribution and
heterogeneity at different scales (from submetric to
global).
Shallow subsurface characterization and support to
shape modeling are also possible in this configuration,
with degraded performance due to a limited resolution.
Bistatic radar. Beneficing of daughter platforms like
a nanolander or cubesats [12], the bistatic radar is
measuring the signal in transmission, allowing to
achieve a direct measurement of the dielectric
permittivity, which is related to composition and
microporosity [4]. The received power is related to
meter-scale heterogeneities (size, distribution of
constitutive material and porosity) [5], while the spatial
variation of the signal and the multiple paths provide
information on the presence of large heterogeneities,
voids or layers.
Bistatic radar is less demanding in terms of data
volume and operation: a partial coverage will provide
slices of the body with average characterization and its
special variability, while only a dense coverage will
allow a complete tomography.
Bistatic measurement with Arecibo. Apophis is an
opportunity to have bistatic measurement with Earthbased radiotelescopes and in particular with Arecibo
(c.f. A. K. Virkki’s presentation).
At higher frequency range (2380 MHz and 430
MHz), the signal sent by Arecibo is recoded by the
spacecraft receiver. The SNR benefits then of the large
transmitted power (900 and 100 kW respectively). So,
the signal is mainly coming from the shallow subsurface
with expected penetration depth from meters to ten
meters depending on the carrier frequency. This
configuration will provide additional geometries and
permit joint inversion of ground-based and space-borne
data.
The same configuration with Arecibo transmitting
can be used at 8.1MHz for a full tomography in
transmission. On the other hand, the possible
implementation of a 60MHz receiver at Arecibo could
allow a tomography in transmission with the spacecraft
transmitting and Arecibo receiving. This configuration
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would be complementary to a monostatic radar onboard
a mission without lander.
A proposed radar package. The payload on a
future Apophis 2029 mission would carry a radar
package with channels at 60MHz, 300-800MHz and
2.3GHz. The 60MHz channel will operate in monostatic
and also in bistatic mode if a lander or any daughtercraft
provides the opportunity of measurement in
transmission. This 3 channels offer the capability to to
operate combined bistatic measurements with Arecibo.
Required performances and resources are listed in the
following table.
Such a dedicated radar suite has been developed for
asteroid investigation, especially in the frame of an
engineering study of an Apophis 2029 mission by
CNES [6], then in the frame of the ESA AIM proposed
mission [7] and is now studied in the frame of the
NEOMAP H2020 European program. This suite has
been proposed to the M-class cosmic vision ESA
mission [1], [8]–[10] and more recently for NEST (FClass) and Chimera (Discovery). A 60MHz monostatic
radar is under implementation for Juventas on the Hera
mission and is inheriting from this work.
All
configurations are now TRL 4 or higher.

BW (MHz)
Ext.. BW
Polar (MHz)
Antenna
Penetration (m)
Sensitivity(*)

Regolith
Monostatic
300-800
300-2500
circular
Vivaldi
10 to 20
-40 dB.m2/m2

Deep interior Bistatic
Orbiter part
lander part
50-70
50-70
45-75
45-75
Circular
Linear
Dipoles
Dipoles
≈100 (mono) ≈400
-40
180 dB
dB.m2/m2
0.1-0.3
0.1-0.3
5
5

PRF (Hz)
0.1-5
Tx power (W)
10
Mass (g)
Electronic
830
920
Antenna
1560
470
* Monostatic radars: NEσ0 = -40 dB.m2/m2,
bistatic: 180dB absorption losses

920
230+100
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Dynamic Finite Element Modeling Approach for the Dynamic Stress Evolution of 99942 Apophis during its
2029 Earth Encounter
M. Hirabayashi1, Y. Kim1, 1Auburn University, Auburn, AL, USA (thirabayashi@auburn.edu).
Introduction: 99942 Apophis is going to closely
encounter the Earth on April 13, 2029 [1]. This
asteroid, which may have been inserted into the current
orbit from the inner main belt due to the 𝜈! resonance
[2], has a high concentration of LL chondrite on its
surface [2] and an equivalent diameter of ~0.34 km [3].
Because of the slow rotation with tumbling [4],
Apophis is considered to have the spin state change
during the encounter [5, 6].
A key question for Apophis's physical process
during the Earth encounter is whether the asteroid
experiences modification processes on the surface or in
the interior. If such processes happen, their magnitudes
are a critical parameter to assess the physical
properties of this asteroid. Numerical studies have
attempted to give insights into this issue. Surface
layers may be modified at a small level during the
encounter [7], while tidally driven acceleration may
cause a deformation of < 0.2 mm [8]. Here, we
introduce a dynamic finite element model (DFEM)
approach to analyze the time-evolution of deformation
and stress in an irregularly shaped body and apply it to
the case of Apophis. We hope that our simulation
technique can tie-up with the existing state-of-the-art
numerical methods to shed light on Apophis' physical
processes during its 2029 Earth encounter.
Dynamic FEM (DFEM) approach: We have long
been applying an FEM approach that focuses on static
problems (i.e., no time evolution). This approach
encountered several issues. First, it was necessary to
assume that loadings were constant regardless of
dynamic processes. Second, the applications of this
case were limited. Certainly, no applications can be
made to dynamic processes because such processes are
affected by both loadings and deformation. To solve
these issues, we have developed a simulation package
written in the C++ platform.
The DFEM approach accounts for (1) the orbital
and attitude motion and (2) the deformation process. In
the current version of the package, the deformation is
assumed to be small, and the orbital and attitude
motion is decoupled from the deformation process.
Therefore, the program first computes the orbital and
attitude conditions of the body and then determines the
stress distribution by using both loadings at a given
time and the stress state at the previous time. The
present version considers elastic deformation.
Boundary conditions: It was necessary for our
static FEM approach to constrain six degrees of

freedom to mimic the environment where an asteroid
rotates without any fixed points. Because of the nature
of FEM, for calculations of the equilibrium condition,
zero boundary conditions lead to singularity problems
and thus no solutions. We developed a function that
can distribute mass elements properly and remove the
rigid motion in the body-fixed frame. Using this
function, we reduced the number of node constraints to
three degrees of freedom, allowing for avoiding
unrealistic stress concentrations more robustly than our
static FEM approach.
Initial conditions: The initial conditions are
defined to represent the structural variations during a
dynamic process. If the deformation (and thus stress) is
set to be zero originally, dynamic simulations do not
give solutions properly and even make them diverge.
In our simulation package, the initial condition is
automatically determined by considering the
equilibrium condition; the time-evolution term is set to
be zero to determine the deformation and stress. The
dynamic simulation then uses this condition as the
initial conditions of the state to be solved.
Applications to Apophis: We apply the DFEM
approach to Apophis. We decide to use the radardriven shape model developed by [3], while we are
aware that the accuracy of this model may be similar to
the light curve-driven shape model developed by [4].
Therefore, the shape model of Apophis still needs to be
updated by detailed observations in the future.
To implement the shape model to the DFEM
approach, we first reduce the resolution to save the
simulation burden and then develop a 4-node
tetrahedron FEM mesh. This process leads to 673
nodes and 2350 elements. We note that the coarse
resolution averages the detailed stress distribution over
a large-element volume; however, our focus here is on
describing the stress distribution on a global scale. This
reduction process still gives meaningful results.
Simulation settings: Our simulation conditions are
described in Table 1. We confirm that the 0.02-sec step
size case is consistent with cases with shorter step
sizes. While an earlier numerical model study assumed
the bulk density to be 2,900 kg/m3 [8], we define it as
2,000 kg/m3. This setting is based on Itokawa’s bulk
density and the recent observation study arguing the
existence of LL chondrite [2]. However, the correlation
between Itokawa’s material compositions and LL
chondrite is still open to discussion. We also ignore the
tumbling mode, which should be negligible because
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the principal rotation is also too long to affect the
stress component. Also, the initial time is set to be ~4 h
before the encounter; therefore, the tidal effect is
negligible at the initial condition.
Table 1. Simulation settings. Initial date and time are
derived from JPR Horizons web-interface.
Parameters
Values
Units
Initial date
April 13, 2029
[-]
Initial time
18:00 (TDB)
[h]
Simulation time
8
[h]
Step size
0.02
[sec]
Bulk density
2,000
[kg/m3]
Principal rotation 30.56
[h]
Young’s modules
1 × 10"
[Pa]
Poisson’s ratio
0.25
[-]
Results: We first discuss the initial stress
distribution in Apophis. Figure 1 shows the pressure
distribution on the surface. The radar model exhibits a
bifurcation feature. The neck region (lower middle) is
more compressed than other areas due to the moment
mainly driven by self-gravity, having a pressure of
around -10 Pa. Pressure in the major regions is
negative, meaning that they experience compression.
However, some limited areas reach tensile conditions
(< ~2 Pa). Such tensile conditions are likely to be
influenced by local topography.

2059.pdf

and compute the stress variations. We confirm that the
amplitude of the high-frequency mode is much smaller
than the observed variations due to the tidal effect.
Figure 2 shows the maximum pressure variations
when Apophis approaches the closest point to Earth.
The variations are defined as the pressure at a given
time to the initial pressure. We find that the neck
region experiences reduced pressure (again, the
pressure is defined to be negative). This feature results
from the fact that during the close encounter, the body
is stretched out along the longest axis. The pressure
variation is about ±0.2 Pa.

Figure 2. Maximum pressure variations during the
close encounter.

Figure 1. Pressure distribution on the surface of
Apophis at the initial condition. Pressure is described
as a negative value.

Discussions: Our simulation gave reasonable stress
conditions and variations when Apophis approaches
Earth. We interpret our results in the following ways.
First, the structural condition in a large element may
not change significantly. As shown in Figure 2, a
possible variation in pressure may be up to ~0.2 Pa.
Second, if there is a bifurcation as the radar model
predicts, it is likely that the neck region may be subject
to such limited variations. The interior at a large scale
may not have physical modifications during the Earth
encounter. These results are consistent with findings
from earlier numerical work [8]. We note that our
results are preliminary, and DFEM simulations at high
resolution with accurate shape models will be able to
give more detailed structural conditions at local scales.

Next, we introduce the variation in pressure during
the tidal encounter. The present version of the DFEM
approach assumes the elastic mode and thus does not
have a time-decay term for deformation. Therefore, we
observe high-frequency variations in the deformation
and stress distributions. We remove this highfrequency response by employing polynomial fitting
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et al. (2014), Icarus, 233, 48-50. [5] Scheeres et al.
(2005), Icarus, 178, 281-283. [6] Souchay et al. (2018),
A&A 617, A74. [7] Yu et al. (2014), Icarus, 242, 8296. [8] DeMartini et al. (2019), Icarus 328, 93-103.
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Electrostatic removal of fine-grained regolith on sub-km asteroids
H.-W. Hsu, X. Wang, M. Horányi
LASP, University of Colorado Boulder, CO USA
Surfaces of the asteroids (25143) Itokawa, (162173) Ryugu, and (101955) Bennu, the
targets of recent sample return missions, are dominated by boulder fields without the
presence of fine-grained ponded deposits, indicating an active regolith removal process
at work (Fujiwara et al., 2006, Yano et al., 2006, Riner et al., 2008, Lauretta et al., 2019,
Grott et al., 2019, Jaumann et al., 2019). Here, based on recent laboratory and space
experimental results, we show that, at 1AU heliocentric distance, asteroids smaller than
1 km in radius experience a net loss of surface fine-grained material (Hsu et al.,
submitted). This is because the regolith loss driven by electrostatic dust lofting (Wang et
al., 2016) dominates the production from fragmentation caused by thermal fatigue and
meteoroid impacts, mainly because of the low-gravity environment of these small bodies.
Our result suggests that the surface of (99942) Apophis likely shows a desert pavementlike scenery, as seen on other similar-sized asteroids (Fig. 1).
MOSCOT lander / Hayabusa 2
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Figure 1. Fine-grained regolith mass production and loss rates as a function of object radius.
The loss (red) and production (blue) rates as a function of object size calculated based on space
and laboratory results. It shows that, at 1AU, objects will radii < 1 km experience net regolith loss
dominated by electrostatic ejection, consistent with the lacking of fine-grained ponded deposits
on asteroids Itokawa, Ryugu, and Bennu (Yano et al., 2006, Lauretta et al., 2019, Grott et al., 2019,
Jaumann et al., 2019). Our result also suggests that Apophis is in the same “Regolith Depletion”
regime and its surface is expected to be more similar to Itokawa than 433 Eros.

Apophis T–9 Years 2020 (LPI Contrib. No. 2242)

Reference
A. Fujiwara et al., Science 312, 1330 (2006).
Grott et al., Nature Astronomy (2019).
Hsu et al., submitted (2020)
R. Jaumann et al., Science 365, 816 (2019).
D. S. Lauretta et al., Nature 568, 55 (2019).
M. Riner et al., Icarus 198, 67 (2008).
X. Wang et al., Geophys. Res. Lett. 43, 6103 (2016).
H. Yano et al., Science 312, 1350 (2006).

2044.pdf

Apophis T–9 Years 2020 (LPI Contrib. No. 2242)

2070.pdf

DISCOVERY OF APOPHIS AND SUBSEQUENT IMPACT ON NASA’S PLANETARY DEFENSE
PROGRAM. L.N. Johnson1 and K. E. Fast1, 1Planetary Defense Coordination Office, Planetary Science Division,
Mary W. Jackson NASA Headquarters Building, 300 Hidden Figures Way SW, Washington D.C. 20546,
lindley.johnson@nasa.gov .

Introduction: A short talk to lead off the workshop to present the events on the days surrounding the
discovery of Apophis back in December 2004, what
and how we learned more about it at that time, and how
that has had influence on the development of the Planetary Defense Program at NASA ever since.
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CONSIDERATIONS FOR THE APPLICATION OF PROBES FOR MINERAL SAMPLING ON
APOPHIS. P. A. Johnson 1,2, J.C. Johnson1,2,3, and A. A. Mardon1,2, 1 University of Alberta (email:
paj1@ualberta.ca), 2Antarctic Institute of Canada (103, 11919-82 Str. NW, Edmonton, Alberta CANADA
T5B 2W4; email: aamardon@yahoo.ca), 3Faculty of Engineering, University of Alberta (email:
jcj2@ualberta.ca)
Our group has previously examined design
considerations for motor units of space probes
and unmanned aerial vehicles for use in Mars
missions as well as on asteroids. We hereby
extend these design considerations to its use for
the 2029 99942 Apophis.
The considerations originally proposed
in our model include: (i) power considerations,
(ii) high climb and loiter speed, (iii) data-link
bandwidth capabilities. (iv) navigation, (v) rotor
use in gravitational fields, and (vi) emergency
considerations including loss of contact with
ground control. Of these space probe motor units
for the Apophis must fulfill all capacities,
however differences in gravitational field,
asteroid spin and orbit potentially interfere with
maneuverability and function of probes.
Having initially thought to pass through
a gravitational keyhole suggesting a later impact
in 2036 or 2037, there is still a level of
uncertainty regarding the trajectory of the
Apophis. As such, it is necessary for a refined
and high precision trajectory calculation to be
made prior to the launching of space probes. As
of the most recent observations in 2015, there are
lower impact estimates and the feasibility of
calculating a higher precision trajectory in
coming years is promising.

In addition, calibration to account for
dipole torque differences and forces on motor
units as well as an accounting of the expected
frame dragging effect is necessary in light of
high interference asteroid surface and orbit has
also been identified previously.
The development of a space probe or
several space probes may include multi-spectral
imaging, near-infrared spectrometers,
temperature probes, accelerometers, laser
rangefinders, magnetometers, etc. These probes
would enable the characterization and
visualization of the interior structures, seismic
activity, and dynamics of Apophis, thereby
improving our generalizable knowledge about
trajectories and impacts of asteroids as well as
guide planning for future missions.
References: [1] Johnson J.C., Johnson P.A. &
Mardon A.A. (2019) Design considerations to
tailor unmanned aerial vehicles for martian
geoclimatic condition. American Research
Journal of Humanities and Social Sciences, 5(1),
1-2. [2] Johnson P.A., Johnson J.C., & Mardon
A.A. Asteroid Science in the Age of Hayabusa2
and OSIRIS-Rex, Tucson AZ, Abstract# 2011.
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Ultraviolet Imaging and Composite Infrared Spectrometers for the Measurement of Apophis Effects on
Earth's Atmosphere. P. A. Johnson1,2, J. C. Johnson1,2,3, A.A. Mardon1,2, J. Fisher1, S. Zirnov1, D. Santosh1, G.
Zhou1, 1The Antarctic Institute of Canada (11919- 82 Street NW, Edmonton, Alberta, Canada, aamardon@yahoo.ca). 2Faculty of Medicine & Dentistry, University of Alberta (116 St & 85 Ave NW, Edmonton, Alberta, Canada, paj1@ualberta.ca). 3Faculty of Engineering, University of Alberta (116 St & 85 Ave NW, Edmonton,
Alberta, Canada, jcj2@ualberta.ca).
Introduction: Ultraviolet Imaging Spectrometry
(UVIS) and Composite Infrared Spectrometry (CIRS)
are two technique currently utilized in remote sensing
equipment and for detecting changes in the atmosphere. Here, we would like to recommend these techniques for the detection and monitoring changes in the
Earth’s atmosphere for the 99942 Apophis fly-by.
Utilization of UVIS: Aurora on Earth and Mars
are the outcome of disruptions to the magnetosphere
brought about by sunlight based winds. The subsequent ionization from this collaboration between sun
oriented breeze and climate emanate shifting degrees
of light hues. UV imaging has been used in the detection of: (i) Discrete Aurora: connected to topology of
crustal attractive fields, (ii) Diffuse Aurora: widespanning with close connection to sun based breeze,
and (iii) Proton Aurora: most common Martian aurora
but more difficult to capture though visualized with
Lyman-α appendage profiles at elevations between 120
and 150 km. In September 2017, a discrete aurora was
seen over the night sky on Mars. In this case, UV imaging enabled detection of aurora beginning from an
elevation of 60km, suggesting its possibility to detect
atmospheric changes resulting from Apophis from the
Earth surface level. UVIS has additionally been utilized in the measurement of Titan’s Thermosphere and
Ignorosphere on the July 20, 1997 Cassini flyby to
detect chemical compounds and elements in the atmosphere.
Utilization of CIRS: CIRS are often combined
with UVIS to allow better detection of atmospheric
parameters. In Cassini’s Titan flyby, the combined use
of UVIS and CIRS enabled the measurement of temperature and density of the atmosphere alongside better
resolution signals, despite the presence of stellar occultations that may interfere with measurement in
Apophis’ trajectory.
Considerations for ground-level remote sensing
tools and probes: Our group has previously proposed
several considerations in the use of both remotesensing tools and space probes in their use for extraterrestrial measurements, including: (i) power considerations, (ii) high climb and loiter speed, (iii) data-link
bandwidth capabilities, and (iv) navigation. Further

considerations for just probes include: (v) rotor use in
at various gravitational fields, and (vi) emergency considerations for loss of contact with ground control.
Conclusion: Ultraviolet Imaging Spectrometry
(UVIS) and Composite Infrared Spectrometry (CIRS)
are two technique currently utilized in remote sensing
equipment and for detecting changes in the atmosphere. Here, we would like to recommend these techniques for the detection and monitoring changes in the
Earth’s atmosphere for the 99942 Apophis fly-by.
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THE SENSITIVITY OF APOPHIS' NECK TO RESURFACING DURING THE 2029 EARTH FLYBY. Y.
Kim1, M. Hirabayashi1, R. P. Binzel2, and M. Brozović3, 1Auburn University, Department of Aerospace Engineering,
Auburn, AL 36849 (yzk0056@auburn.edu), 2Massachusetts Institute of Technology, Cambridge, MA 02139,
3
NASA/JPL Caltech, Pasadena, Ca 99190.
Introduction: Surface modification processes
derived by solar wind irradiation [1] and micrometeorite bombardments [2], which are known as space
weathering, cause optical variations in an asteroid’s
surface. On the other hand, resurfacing processes
expose fresh (unweathered) materials located beneath
the weathered surface layers, inducing their spectral
alterations. While studies have explored these processes
for decades, the detailed mechanism of resurfacing is
still not well understood.
Expected to have the closest Earth flyby within 6
Earth radii on April 13, 2029, (99942) Apophis is
considered to be a key opportunity for investigating this
unknown geophysical process. It has been proposed that
tidal effects from the Earth may contribute to the
resurfacing process on asteroids, resulting in either
shape modification or landslides or both, which may
expose fresh surface materials [3-6]. To evaluate this
process acting on Apophis during the Earth encounter in
2029, we develop two types of numerical models that
can analyze the surface evolution and structural failures
on rubble-pile asteroids that are affected by tidal effects.
These techniques can be directly applicable to
geophysical assessments of the resurfacing process on
Apophis by providing possible resurfaced and
structurally failed regions. This analysis will help
suggest more accurate physical properties, i.e., cohesive
strength and design Earth-based and possible in-situ
missions. Furthermore, by providing further
understanding of the surface and structure evolution that
affect the dynamic motion of Apophis during the tidal
encounter, this study will eventually assist in proposing
suitable guidelines for planetary defense technologies
and strategies for mitigating the asteroid impact risk.
Methodology: We first use a dynamic model [7] for
computing the surface slope evolution of Apophis
during the flyby with the radar-derived shape model [8].
Second, we employ a finite-element model (FEM)
approach [9] to estimate its structurally failed regions
based on the structural strength.
Dynamic model. This model computes the surface
slope evolution during the 2029 flyby by simulating the
orbital and spin evolution of Apophis. The surface slope
describes how the surface element is tilted from the
direction of gravity, depicting a surface topography. In
the analysis, the orbital information of Apophis is
obtained from NASA/JPL’s Horizons web interface
[https://ssd.jpl.nasa.gov/horizons.cgi] within six days
during the encounter with a time step of 30 min. To

define the initial conditions of the spin state of Apophis
in the simulation, its attitude is evolved by using the
Euler equation with a torque driven by the tidal effect
from the Earth. Then, the surface slope of Apophis is
computed based on the direction of the gravity force, the
tidal force from the Earth, and the rotation-driven force
on each facet. This model uses a 4th order Runge-Kutta
integrator implemented in MATLAB.
The shape model has a contact binary shape with an
equivalent diameter of 335.80 m and has 2,000 vertices
and 3,996 facets. The bulk density is assumed to be 2.0
g cm-3, considering the material density of chondrites
having 40% porosity [10], and the material distribution
to be uniform. We note that this model only considers
Apophis’ top-surface layer, not its structural strength
(i.e., cohesion). Considering earlier analyses that
asteroids’ surfaces are covered with a structurally weak
layer that consists of non-cohesive grains within tens of
micrometers [10-12] and a space-weathered rim on
(25143) Itokawa is very thin (~80 nm) [13], we can
expect that even mass movement in this thin layer
removes the space-weathered layer, leading to the
exposure of fresh materials. The dynamic model
reasonably provides the locations of resurfacing in topsurface layers.
FEM approach. This model estimates the conditions
of structural failure on Apophis by the tidal force during
the 2029 Earth flyby. The FEM analysis predicts how
the surface and sub-surface regions that may have low
cohesion [14,15] are structurally failed, leading to
additional resurfacing. In simulations, we set the
cohesive strength manually as the lowest value, causing
structural failures. Based on the earlier studies for the
FEM approach [9,16], the friction angle, Young’s
modulus, and Poisson ratio are set to be 35 deg, 107 Pa,
and 0.25, respectively [17]. The applied FEM mesh is a
three-dimensional 10-node mesh that is generated from
the radar-driven shape model [8] using Tetgen [18],
which includes triangular 17,186 elements and 27,590
nodes. The ANSYS FEM solver gives elastic-plastic
solutions by applying loadings acting on each node in
the FEM mesh. The elastic condition is described to be
linear elasticity, while the plastic condition is based on
perfect plasticity. The yield condition is defined by The
Drucker-Prager yield condition [19].
Results and Applications: As Apophis closely
passes the Earth, the body is affected by time-varying
forces, inducing the surface slope variation. To analyze
the possible regions for resurfacing due to the slope
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variation, we consider two types of material flows
depending on the analytical theory and numerical
analysis of erosion for transport-limited downslope
flow. First, when the surface slope reaches its critical
slope, fast material flows start to occur [20]. We define
the critical slope as the angle of repose of 35 deg for a
typical geological material without cohesion [17].
Second, even if the surface is not in the critical state,
slow material flows happen when the slope variation is
considerable enough to cause surface mobility [21].
Ballouz et al. (2019) numerically showed that the
surface slope variation of ~2 deg causes the slow
material flows on the Martian moon, Phobos [21].
We simulated 1000 cases that have different initial
settings for the spin orientation within the plausible
range because Apophis’ spin state uncertainty is still
very large [8]. The following results show a specific
case that has the most considerable surface slope
variation during the close encounter. Fig. 1 describes the
maximum surface slope on each element, while Fig. 2
depicts the maximum slope variation. In the current
shape model, some regions initially have high surface
slopes, in which around or exceed the angle of repose.
We note that the initially high-slope regions and the
surrounding areas are likely to experience material
flows. The red regions in Fig. 1 would have the fast
material flows, while the surrounding areas (the black
dotted regions in Fig. 2) would experience slow material
flows because of the large surface slope variation of ~2
deg. In the proximity of Apophis, we also found that
locations of resurfaced regions would be more affected
by its shape than spin orientation.
Our FEM analysis shows structurally failed regions
in the surface and sub-surface (Fig. 3). The cohesive
strength to cause structural failure during the close
encounter is estimated to be 0.3 Pa, which is very weak.
The failed regions (the yellow regions in Fig. 3)
approximately match the possible resurfaced regions
from the dynamic model and specifically show that the
neck regions would become structurally unstable.
Although the resurfacing is correlated with Apophis’
shape, the used shape model has high uncertainties due
to the weak radar signals. Thus, we expect the future
radar observation in March 2021 will improve Apophis’
shape and spin estimates, allowing us to provide further
constraints on resurfacing.
Acknowledgments: Y.K and M.H acknowledge the
support from Auburn University’s Intramural Grant
Program and a commercial program, ANSYS
Mechanical APDL (18.1).
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Fig. 1. Apophis’ maximum surface slope during the
2029 Earth flyby. If the angle of repose is higher than
35 deg, fast flows may occur.

Fig. 2. Apophis’ maximum surface slope variation
during the 2029 Earth flyby. The black dotted line
represents regions that have high slope variations.

Fig. 3. Apophis’ structural failures at the closest
approach. The yellow regions describe failed regions
where the current stress exceeds the yield condition.
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Introduction
Apophis’ 2029 Earth fly-by represents a unique opportunity to observe any possible tidal effects on its
surface or interior. To obtain a detailed overview of the resulting changes on Apophis, a dedicated
rendezvous mission is required. In this study, we will evaluate the feasibility of designing a low-cost
mission utilizing current or forthcoming CubeSat technology.
Mission requirements
Based on the ESA CDF 178(A) report, the minimum required Δv for an Apophis transfer prior 2029 is in
the range of 4 and 6.5 km/s with multiple departure windows in the second half of 2020’s. In order to
keep the mass budget and operational costs of the mission low, a high level of autonomous execution is
desired. This requirement is further driven by the fact that no detailed shape / surface model of Apophis
will be available prior the spacecraft encounter. High-level requirements for a low-cost Apophis missions
include:








Δv at least 4.5 km/s
Interplanetary multi-sensor ADCS (Attitude Determination and Control System).
Autonomous cruise and rendezvous navigation.
Deep-space communication
On-board generation of asteroid reference feature-set for mapping / proximity observations
Autonomous execution of a pre-loaded scientific observation sequence
Advanced on-board data processing and compression for efficient download

Current deep-space CubeSat mission status
Several completed or forthcoming CubeSat deep space missions demonstrated or will demonstrate
relevant technology. These include:
MarCO (Mars Cube One – 6U CubeSats which already demonstrated extended (> 6 months) deep space
operations including autonomous cruise to Mars and ADCS/power/thermal/communication
management beyond 1.5 au. Status: Completed (2018).
Hera CubeSats – the 6U CubeSats Juventas and APEX will demonstrate several weeks long proximity
operations in the vicinity of the binary asteroid Didymos, including precise GNC (Guidance, Navigation
and Control) and advanced payloads. The cruise and communication relay will be provided by the Hera
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mothercraft. For local operation, a Δv of ~10 m/s is envisioned. Status: Hera is an approved ESA mission
and will arrive at Didymos in 2026.
M-ARGO – 12U stand-alone CubeSat study. M-ARGO will demonstrate most of key components required
by the Apophis 2029 mission as autonomous Earth departure, interplanetary cruise, and small NEO
rendezvous. Currently envisioned Δv is ~3.5 km/s and payload allocation of ~1U. Status: M-ARGO is an
ESA mission proposal, currently in a Phase-A study.
Artemis 1 (Orion EM-1) – forthcoming mission compromising of 13 6U CubeSats as Artemis 1 secondary
payloads, testing operations in the Earth-Moon space including formation flying, proximity operations,
or advanced payloads and propulsion technologies. Status: CubeSats delivered. Artemis 1 launch
planned for 2021-22.
LICIA – 6U CubeSat deployed by DART spacecraft prior its impact on Didymos. LICIA will demonstrate
deep-space communication together with formation flying and target pointing / imaging during highvelocity fly-by of Didymos. Status: DART is an approved NASA mission which will arrive at Didymos in
October 2022.
Technology readiness
Requirement
Mission demonstrator
Δv of 4.5 km/s
To be developed M-ARGO up to 3.5 km/s
Interplanetary ADCS
MarCO Artemis-1 LICIA Hera M-ARGO
Interplanetary cruise
MarCO M-ARGO
Proximity operations
Artemis-1 LICIA Hera, M-ARGO
Deep space communication
MarCO LICIA M-ARGO
Autonomous rendezvous
M-ARGO
Autonomous navigation reference generation To be developed
Autonomous observations
To be developed
Advanced on-board data handling
To be developed Partly tested on Hera/APEX
Mission / technology status legend: Accomplished, approved, under study, to be developed.
Outlook
The current or forthcoming technology is mostly ready to enable an Apophis 2029 mission. Specific areas
requiring further development include a higher Δv propulsion or advanced autonomous navigation /
operations and compact payloads.
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THIS IS WHAT A MASCOT CAN DO FOR YOU – AT APOPHIS. C. Lange1*, T.-M. Ho, J. T. Grundmann1#,
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Introduction: In a similarly brief event some 10½
years before Apophis’ fly-by on Friday, April 13th,
2029, the Mobile Asteroid Surface Scout, MASCOT,
successfully completed its 17-hours mission on the
~km-sized C-type potentially hazardous asteroid
(162173) Ryugu. Investigating the surface and its
thermal properties, looking for a magnetic field, and
imaging the stark landscapes of this dark rubble pile, it
contributed valuable close-up information before the
surface sampling by its mothership, HAYABUSA2.
MASCOT DLR in collaboration with the French
space agency, CNES, has developed the Mobile
Asteroid Surface Scout, MASCOT, a small asteroid
lander which packs four full-scale science instruments
and relocation capability into a shoebox-sized 10 kg
spacecraft. [1] It carries the near-IR soil microscope,
MicrOmega (MMEGA), [2] a high dynamic range
black-and-white camera with night-time multicolour
LED illumination (MasCAM), [3] a 6-channel thermal
IR radiometer (MARA), [4] and a fluxgate
magnetometer (MasMAG). [5]
MicrOmega
is a near-infrared imaging
spectrometer/microscope for the study of mineralogy
and composition at grain scale. It acquires 3D (x,y,λ)
microscopic image-cubes of an area approximately (3
mm)² in size with a spatial sampling of (25 μm)² in
(128² pixel)² images. For each pixel, the spectrum is
acquired in contiguous spectral channels covering the
range 0.99 to 3.55 μm with spectral sampling better
than 40 cm-1 and a signal-to-noise ratio of 100, over
the entire spectral range.
MasCAM uses a clear filter 1 Mpixel Si-CMOS
sensor with high dynamic range imaging capability
covering a (60°)² field of view, pointed slightly down
to image an area in front of the lander. Multiple
observations during the day are used for detailled
studies of the reflection and scattering properties of the
surface. During daytime, images are black-and-white.
At night, colour images are taken using 4-channel IRRGB LED illumination.
MARA is a 6-band multispectral thermal infrared
radiometer, covering wavelengths from 5 to 100 µm.
In addition to a clear filter, the remaining channels are
narrow-band filtered and can be adapted to a thermal
infrared instrument aboard the orbiter.
MasMAG is a vector compensated three-axis
fluxgate magnetometer consisting of a digital
electronics board and a sensor head. It has a long
heritage from previous space missions. Due to the

extreme conditions the design covered in these
missions, the sensors can be mounted outside of the
temperature controlled compartment.

Fig.1 – The MASCOT Landing Module
The MASCOT Flight Model (FM) was delivered to
JAXA mid-June 2014 and was launched aboard the
HAYABUSA2 space probe on December 3rd, 2014, to
asteroid (162173) Ryugu. MASCOT is an organically
integrated high-density constraints-driven design. [6,7]
MASCOT2 for AIM in AIDA: Closest to a
follow-on came MASCOT2, developed for the AIM
spacecraft which until 2016 was the partner mission of
DART in the joint NASA-ESA AIDA mission to
perform and study a kinetic impact on ‘Didymoon’, the
moonlet of binary NEA (65803) Didymos.[8]
MASCOT2 was a nanolander design to support the
surface element of the bistatic low-frequency radar on
AIM, LFR. The MASCOT2 design was based on
extensive re-use of MASCOT technologies but with
tailored capability upgrades in the details of many
subsystems. Changes were based as much on the
different mission as on the lessons from MASCOT, by
then already learned or at least anticipated due to the
progress in MASCOT on-asteroid mission planning
and the growing knowledge in the highly dynamic
field of small solar system body science.

Fig. 2 - The MASCOT2 nanolander for AIM
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Following the cancellation of MASCOT2 with
AIM and the evaluation of nanolander requests and
responses to other studies and proposals, the MASCOT
team is currently pursuing maximum as-is re-use
incarnations for future MASCOT nanolanders for nearterm missions as well as designs more optimized in
detail, similar in that respect to MASCOT2. Entirely
new developments of the MASCOT concept are being
studied, as well. [9]
Small Spacecraft Synergies: In particular for
small interplanetary main spacecraft designed to fit the
‘mini’ and ‘micro’ rideshare payload slots on launch
vehicles, resource-sharing concepts have been
developed based on technologies qualified in the
GOSSAMER-1 solar sail deployment demonstrator
project, itself a small ‘micro’ spacecraft composed of 5
independent ‘nano’ spacecraft. [10,11]
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Another feature of the GOSSAMER-1 system is a
wireless communication network between all
participating spacecraft. The communication system of
HAYABUSA2 also shared this feature for optional
parallel operation of the three MINERVA-II landers
and MASCOT. A more recent addition to the
MASCOT portfolio are propulsion systems that enable
self-transfer of the lander from a more distant carrier
spacecraft. Together, these enable the operation of one
lander by another spacecraft that did not carry it to its
destination. [12,13]

Fig.5 – Notional accommodation of a samplereturn lander integrated organically with its carrier.

Fig.3 – Un pour tous, tous pour un – the shared
resources multi-sub-spacecraft design of GOSSAMER-1
These concepts enable mutual support of the
MASCOT nanolander and the small spacecraft
carrying it during the cruise phase and until lander
separation, for example power redistribution, shared
batteries, more data handling and communication
capabilities, and additional instruments and viewing
angles.

Fig. 4 - The GOSSAMER-1 Charging Network
sharing all power resourcesof 5 nanospacecraft

Conclusion: From the portfolio of MASCOT
follow-on
studies,
optimized
designs
of
MASCOT@Apophis can be derived to address the
needs of the many science missions proposed to
rendezvous with Apophis. More than one MASCOT
landing can be achieved by the end of the decade.
Acknowledgments: The authors acknowledge the
work of the MASCOT, MASCOT2, GOSSAMER-1,
GOSOLAR, and follow-on study teams and the support
for these studies by the CEF team at DLR Bremen.
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Introduction:
NASA’s
Origins,
Spectral
Interpretation, Resource Identification, and Security–
Regolith Explorer (OSIRIS-REx) mission has the
primary objective of returning samples of pristine
carbonaceous regolith from asteroid (101955) Bennu to
Earth [1]. Additional mission objectives include:
1. Understanding the interaction between asteroid
thermal properties and orbital dynamics by
measuring the Yarkovsky effect on a potentially
hazardous asteroid and constraining the asteroid
properties that contribute to this effect.
2.

Improving asteroid astronomy by characterizing
the astronomical properties of a primitive
carbonaceous asteroid to allow for direct
comparison with ground-based telescopic data of
the broader asteroid population.

The mission achieved Objective #1 using
astronomical techniques pre-launch [2] and spacecraft
tracking data since encounter [3]. Objective #2 was
completed
with
Approach-phase
point-source
observations of Bennu [4].
We have developed a mission design that allows us
to put the OSIRIS-REx spacecraft into orbit around
asteroid (99942) Apophis in 2029. Such an extended
mission (EM) is in direct support of the Security (#1)
and Spectral Interpretation (#2) objectives of OSIRISREx. This low-cost opportunity allows for the OSIRISREx payload [1] to perform a detailed characterization
of this potentially hazardous asteroid, comparable to
that achieved at Bennu [4-11]. Apophis’ size and
gravitational field are comparable in magnitude to those
of Bennu, and much of OSIRIS-REx’s concept of
operations will be relevant.
In addition to enhancing the OSIRIS-REx mission
objectives, there are specific aspects of scientific
interest for Apophis. In particular, the ability to measure
a non-carbonaceous S-type target with the same suite of
instruments that we used at Bennu enables a direct
comparison between two very different small bodies.
This EM also provides the opportunity to study a rubblepile asteroid right after a close approach to Earth, when
planetary tidal forces could produce significant surface
and internal structural changes.

Mission Profile: OSIRIS-REx is on track to obtain
a sample from Bennu on August 25, 2020. This date is
subject to change, based on the results of a series of lowaltitude flyovers of the primary sample site,
Nightingale, and the backup sample site, Osprey [12],
and subsequent sample collection rehearsals. The
project has sufficient margin to sample any time in
2020. The departure window for the return cruise
extends from March through May 2021. In all cases, the
sample returns to Earth in September 2023.
At Earth return, the spacecraft will have a substantial
amount of delta-V available for an EM opportunity. Our
EM trajectory design allows for the optical acquisition
of Apophis on April 8, 2029, when we cross the
threshold of 2 million km range that defined the start of
the mission’s approach to Bennu. This trajectory is
different from the Bennu approach in that the major
delta-V to approach Apophis is an Earth gravity assist
(EGA) concurrent with the Apophis close approach on
April 14, 2029. At this time, the OSIRIS-REx spacecraft
will be 30,000 km from the asteroid. The approach
velocity after the EGA is ~50 m/s. Thus, the approach
maneuver would happen between April 13 and 21, with
a velocity of 50 m/s. This maneuver places the
spacecraft on a rendezvous trajectory that arrives at
Apophis on April 21, 2029.
Proximity Operations: After Apophis’ close
approach to Earth, its semimajor axis will increase from
0.9 to 1.1 AU. The post-encounter perihelion is 0.9 AU,
and the aphelion is 1.3 AU. These orbital parameters are
similar to Bennu’s, so the instrument and spacecraft
operational environment is well within the fight system
capabilities.
Once in the vicinity of Apophis, the science payload
of cameras, a laser altimeter, and spectrometers—
OCAMS MapCam and PolyCam [13], TAGCAMS
[14], OLA [15], OVIRS [16], OTES [17], and REXIS
[18]—is capable of characterizing the surface. Also, the
Guidance, Navigation, and Control Flash LIDAR [1],
which saw little action at Bennu when the primary
guidance system changed to Natural Feature Tracking,
is available for range measurements and topography.
The starting point for the Apophis mission profile is
the successful campaign at Bennu. During the Approach
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phase, OCAMS will survey the asteroid operational
environment for potential spacecraft hazards. To
provide
ground-truth
data
for
telescopic
characterization, the team will obtain disk-integrated
photometric and spectral data of Apophis.
We will follow the very successful step-by-step
process used during the OSIRIS-REx mission [1] to
reduce mission risks by characterizing the asteroid’s
shape, and determining its gravity field. We will likely
repeat the Preliminary Survey, Detailed Survey, and
Orbital B phases from the OSIRIS-REx mission profile
[1]. These high-fidelity observations have produced
global imaging mosaics at 5-cm resolution. OVIRS and
OTES have collected data that provide global chemical
and mineralogical maps of Bennu’s surface.
TAGCAMS has contributed to mission science, even
though it was designed as a navigational aid and
engineering camera system only. In particular, the
NavCam1 imager is ideal for characterizing particle
ejection events [11]. TAGCAMS observations of
Apophis will help determine whether such particle
ejections are a ubiquitous phenomenon on small nearEarth asteroids (as would be the case if they are caused
by meteoroid impacts, a leading hypothesis [11]) or are
specific to Bennu’s hydrated mineralogy [8].
A critical difference between the two targets is the
much higher global albedo of Apophis (4.4% versus
33% [9, 19]). Bennu has several bright boulders (>26%
normal albedo) which have been well exposed by the
OSIRIS-REx instruments [20, 21]. The performance of
the instrument complement at Apophis will be at least
as good as at Bennu. Higher albedo increases the signalto-noise ratio, which is especially relevant for OVIRS
and the OCAMS MapCam. The higher albedo allows
for imaging that is even more tolerant to the raster-scan
acquisition strategy used during OSIRIS-REx
operations at Bennu. This strategy maximized coverage
while allowing exposure times that did not lead to
motion blur even at the highest resolutions.
Observations of Apophis after its close approach to
Earth permit measurement of spin state changes relative
to the spin state measured from the ground before the
encounter. Spacecraft tracking and OTES data would
yield unprecedented insights into Yarkovsky drift. In
essence, the Yarkovsky drift vector would be
simultaneously measured in real-time along with the
thermal re-radiation causing the drift. The postencounter ephemeris update would tightly constrain the
impact likelihood. This characterization would almost
certainly eliminate any residual impact likelihood
assessed from ground-based measurements.
Acknowledgments: This work was not supported
by any NASA grants or contracts.
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PHACE: Potentially Hazardous Asteroid CubeSat Exploration Mission
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Introduction: Potentially Hazardous Asteroids
(PHAs) are a group of specific near-Earth objects
(NEOs) with absolute magnitudes H ≤ 22
(approximately corresponding to diameter ≥ 140 m by
assuming the albedo of 0.14 [1]) and the minimum
orbit intersection distance (MOID) ≤ 0.05 au of Earth’s
orbit. Those characteristics of PHAs make them very
likely to destroy a region on Earth in case of an impact.
So far there are about 2000 PHAs identified, yet most
of them remain uninvestigated. In-situ observation and
measurement carried out by space missions thus
becomes essential for defining successful “mitigation
strategies” from the perspective of planetary science
and defense. Seeing that CubeSats are proven as a
cheap and versatile solution for NEO probes with
developing mission proposals and concepts [2 - 4],
here we propose a 6U CubeSat mission PHACE
(Potentially Hazardous Asteroid CubeSat Exploration)
to investigate the asteroid 99942 Apophis. It was first
discovered and identified as a NEO in 2004, but soon
caused a brief period of concern because the
probability of Apophis hitting Earth was estimated
2.7% in the year 2029. Fortunately, the striking
probability reduced with the increasing and improved
ground-based observations of the asteroid, and the
concern of 2029 impact was eliminated during its 2013
pass. On April 13th (Friday) 2029, Apophis will come
to a distance of around 38422 km (~0.000257 au),
which is ten times closer than the moon and almost the
altitude of geosynchronous satellites. Such a close
encounter of an asteroid will open a window of
possible rendezvous with spacecrafts only by a very
low ∆V (velocity impulse), which is considered in
particular beneficial to CubeSats as their propulsion
system is very limited.
Mission objective: PHACE aims to rendezvous
with Apophis during 2029 and perform physical
surveys with a high-resolution camera and a NIR
spectrometer on board. By the combination of the
instruments, a series of measurements can then be
taken: positioning, shape, rotation, albedo, thermal
inertia, surface temperature, surface morphology, and
regolith properties. The data can serve as a comparison
to the results of ground-based observations or thermalphysical models.
System definition: Our CubeSat is primarily
based on the use of Commercial Off-the-Shelf (COTS)
products as they stand for mature techniques (i.e., high
TRL) and thus allow a more reliable design. The

material added to the bus structure can provide
adequate shielding for these devices. All components
will be assembled on the Pumpkin 6U Supernova
structure (TRL 9) of 1.1 kg. Table 1 lists the general
information of all PHACE subsystems. The peak
power consumption of science mode will be about
62.14W in total with 30% margin. Total cost of the
mission is roughly estimated $3 - 4 million, which is
~1% of the budget of a traditional space mission
targeting asteroids (e.g., Hayabusa 2).
Table 1. Manufacturer (Mfr.) with Type Specification
(TS) and Technology Readiness Level (TRL) of
PHACE subsystem components. [*note: JPL’s Iris
transponder is not COTS but we desire a multi-band
transceiver as competent as Iris.]
Subsystem

Mfr. & TS

TRL

Camera

MSSS ECAM-C50

9

Spectrometer

Thoth Argus 1000

9

ISIS iOBC

9

Nanoavionics EPS 2S4P

9

(UHF) Nanoavionics UHF 4
monopole

9

OBDH

EPS

UHF/ S/ X
Antenna

(S) IQ Spacecom patch *6
(X) patch 4x4
S/X/UHF
Transceiver
ADCS

Thruster

TCS

JPL Iris V2.1*

9

Blue Canyon XACT-50

9

IFM nano thruster SE

9

Minco HK6918 (payload) /
Minco HK6900 (battery)

9
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Operation concept: A preliminary spacecraft
trajectory is designed based on the calculation of
Lambert solver [5] with Solar gravity field only and
the maximum time-of-flight (TOF) of 180 days
considering the relatively short lifetime of most
CubeSats. Given the low arrival ∆V (≤ 1 km/s) of
COTS thrusters, the best launch window goes to March
to May 2029 (indicated as a red box in Fig. 1).

Figure 1. Estimated delta-v (departure, arrival and
total) and TOF of the spacecraft versus the departure
date. The red box indicates the best launch window.
Fig. 2 shows the trajectories of Earth, Apophis and
the spacecraft from late 2027 to early 2031. Note that
the orbit of Apophis is not stable, therefore it fails to
converge as an ellipse as viewed from the top of the
ecliptic plane. A tentative launch date is set on April
13th, 2029 based on the requirement of minimum
arrival ∆V and TOF. We plan to have 4 stages
throughout the mission:

Figure 2. The trajectory of Earth (blue), Apophis
(red) and PHACE (dash) and the corresponding
mission stages.
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I. Launch (2029.04.13)
PHACE will launch from Earth orbit and
head to Apophis on April 13th, 2029.
Given the departure ∆V ~5.6 km/s the
spacecraft should arrive the destination
with the TOF about 32 days.
II. Rendezvous (2029.05.15)
The spacecraft is scheduled to arrive
Apophis on May 15th, 2029. After
rendezvous, we will perform a global
physical survey for around 45 days at the
distance ~1200 m away from the asteroid
(image resolution ~20 cm/px).
III. Approach (2029.06.30)
After the global survey, the spacecraft will
approach Apophis to the distance ~500 m
away and start the close proximity
imaging of the surface with a high
resolution ~8 cm/px.
IV. End (2029.08.13)
The entire mission is expected to end in
the mid-August of 2029 with a lifetime of
120 days, yet it is possible to extend
depending on the spacecraft condition.
Challenges: A main technic barrier of the mission
is the high launch velocity impulse, which is difficult
to realize by modern COTS thrusters for CubeSats. So
far, the optimum propulsion is performed by iSat
(Iodine Satellite) giving 4km/s ∆V with 5kg of iodine
onboard 12U. The high moving velocity of Apophis is
also an issue. By the time of rendezvous our spacecraft
and Apophis will be ~40 lunar distances away from the
Earth, and ~90 lunar distances by the end of the
mission. A capable deep-space communication system
will be crucial for efficient data transmission.
Summary: With limited payloads, PHACE can
characterize the asteroid Apophis which is potentially
threatening yet poorly understood. The practice of
PHACE not only verifies the technology necessary to
study PHAs in situ, but also demonstrates a low-cost,
short-duration and high-feasibility operation of
CubeSat missions in deep space.
Acknowledgments: We would like to thank Dr. H.
R. Chen from Paris Observatory for valuable insights
on advancing our mission trajectory design.
References: [1] Mainzer, A., Grav, T., Bauer, J., et
al. (2011), ApJ, 743, 156 [2] Bambach, P., Deller, J.,
Vilenius, E., et al. (2018) Advances in Space Research,
62, 3357-3368. [3] McNutt, L., Johnson, L., Hartford,
W., et al. (2014) AIAA Paper 2014-4435. [4] Weiss, P.,
Leung, W., and Yung, K. L. (2010) Planetary and
Space Science, 58, 913-919. [5] Izzo, D. (2014)
Celestial Mechanics and Dynamical Astronomy, 1–15.
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VISIBLE SPECTROSCOPY OF NEAs IN THE FRAMEWORK OF THE ESA-SSA P3NEOI PROGRAM.
J. Licandro1,2 , M. Popescu3. A. Oscoz1,2, J. de León1,2, O. Zamora1,2, and M. Monelli1,2, 1Instituto de Astrofı́sica de
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Introduction: The Solar System group of the Instituto de Astrofisica de Canarias (IAC) is member of a
consortium of astronomical observatories leaded by
Deimos Space S.L.U, that presented a proposal to the
ESA ITT no. AO/1-9591/18/D/MR “P3-NEO-I - Observational support from collaborating observatories”.
The objective of this project is to provide ESA with the
support of several observatories contributing to the
follow-up of relevant objects for orbit computation and
physical characterization.
We lead the Spectroscopic Observations Work Package (WP) that aim to substantially increase the sample of near-Earth Objects (NEOs) with known spectral
properties. This is crucial for understanding the origin
and the evolution of NEOs and their potential threat.
In this work we will present the preliminary results
of this spectroscopic program
Aims of the program: the main objective of the
WP is to obtain a significant number of visible or nearinfrared spectra of NEOs in order to increase the current number of objects with spectra available in any of
these wavelengths; to obtain complementary visible/near-infrared spectra of NEOs with part of the
spectrum already observed. . This will enhance significantly the European contribution to the NEO research.
We will be able to determine the composition of a
large number of these objects, which represents a great
opportunity to answer fundamental questions about
their origin, properties, evolution and future potential
threat.
The observations: Spectroscopic observations
using 2m-class or larger telescopes in the “El Roque de
los Muchachos” Observatory (ORM, La Palma, Spain)
started late April 2019. Data have been obtained in
different runs almost every month. We used the 2.5m
Nordic Optical Telescope (NOT), the 2.5m Isaac Neton Telescope (INT), the 3.6m Telescopio Nazionale
Galileo (TNG), and world’s largest optical telescope,
the 10.4m GranTeCan (GTC).
Data with the 2.5m NOT was obtained on 8 different nights (Apr. 24, May 5, June 6, July 18, July 19,
Oct. 18, Dec. 2, 2019, and Jan. 11, 2020). A total of 26
spectra of 25 different objects were obtained and reduced (Fig. 1).

Additional data was obtained during one observing
run (2019-10-01) with the 3.56m TNG (2 asteroids ),
two observing runs with 2.5m INT (3 objects) and one
observing run with the 10.4m GTC (5 objects).

Fig. 1 – Example of visible spectra of two of the
NEAs (437316 and 99248) observed with ALFOSC spectrograph attached to the 2.5m NOT on
Jan. 11, 2020.
Database and analysis: We will make this database available at the Small Bodies Node of the NASA
Planetary Data System (PDS) in the near future. This
will include the spectral classification using Bus or
Bus-DeMeo taxonomic system [1].
References: [1] DeMeo, Icarus, 202, 1, p.160-180
(07/2009).
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Numerical Orbital Simulation for a Spacecraft to Rendezvous Two NEOs - Apophis and 2001 WN5.
Po-Yen Liu1 and Adriano Campo Bagatin1,2, 1IUFACyT, Universidad de Alicante (Spain),
m1059004@gm.astro.ncu.edu.tw, 2DFISTS, Universidad de Alicante (Spain), P.O. Box 99, Alicante, 03080 Spain,
acb@ua.es.

Background: Over the last two decades, NearEarth Objects (NEOs) have received increasing attention due to their potential of catastrophic impact on
Earth as well as for their scientific value, such as expanding our knowledge about the early evolution and
composition of the Solar System.
99942 Apophis (2004 MN4) is well known because it set the record for the highest rating on the
Torino impact hazard scale with level 4 on December
27, 2004. With the subsequent improved observations
of its orbit, the possibility of its impact on Earth was
virtually eliminated. As calculated by the JPL Center
for NEO Studies (CNEOS) and by the ESA NEODyS2, Apophis will have a non-threatening close encounter with the Earth at 0.1 lunar distances (LD) on April
13, 2029.
On the other hand, about 10 months before
Apophis approaches, another NEO -2001 WN5- is
expected to pass within 0.65 LD from the Earth on
June 26, 2028. 2001 WN5 is an Apollo NEA with
H=18.3 (some 900 m size) on an eccentric (e = 0.467)
orbit and a period of 818 days. Its relatively fast (4.25
hr) spin period ([2]) makes it an interesting target for
a space mission. The extraordinary close approaches
of the two NEOs with the Earth make them potential
targets for spacecraft rendezvous. Moreover, it is possible to establish a single orbit for a spacecraft to rendezvous those two NEOs, which has never been done
in human history of asteroid space missions.
Aim: The aim of this work is to numerically fit an
orbit for a spacecraft to rendezvous both Apophis and
2001 WN5, which can be used to set up a future space
mission to visit the two NEOs.
Methods: We numerically integrated the orbits of
Apophis, 2001 WN5 and the 8 planets using the Nbody orbital simulator MERCURY 6.2 package [1]
with the hybrid symplectic/Bulrisch–Stoer integrator.
The orbital elements of the NEOs were obtained from
the JPL small-body database.
We then generated millions of test particles
launched from the Earth representing the spacecraft.
The Delta-V of the spacecraft is limited to less than 6
km/s as a reasonable thrust for modern spacecraft.
References: [1] J. E. Chambers (1999) MNRAS,
304, 793. [2] B. Warner et al. (2009) Icarus, 202,
134–146 (and 2019 update:
http://www.minorplanet.info/lightcurvedatabase.htm)
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ORBITAL EVOLUTION OF (99942) APOPHIS DUE TO THE YARKOVSKY EFFECT. J. L. Margot1,2 and
A. K. Verma1, 1Department of Earth, Planetary, and Space Sciences, UCLA, Los Angeles, CA (jlm@epss.ucla.edu),
2
Department of Physics and Astronomy, UCLA, Los Angeles, CA.

Introduction: The orbital evolution of Apophis is
strongly affected by the Yarkovsky effect, which is a
non-gravitational perturbation to the asteroid’s
trajectory caused by sunlight. We analyzed optical and
radar astrometry of Apophis and measured the
Yarkovsky drift rate. We place our results in the context
of the largest set of Yarkovsky detections ever
published [1] and compare Apophis to hundreds of other
near-Earth asteroids.
Theory: The orbit-averaged Yarkovsky drift rate is

𝑑𝑎
3 1
1
𝐿⊙
1
= ±𝜉
𝑑𝑡
4𝜋 𝑎 1 − 𝑒 𝑐 𝐺𝑀⊙ 𝐷𝜌
where a is semi-major axis, e eccentricity, c is the speed
of light, G is the gravitational constant, 𝐿⊙ and 𝑀⊙ are
the luminosity and mass of the Sun, D and 𝜌 are the
diameter and density of the asteroid, and 𝜉 is the
Yarkovsky efficiency [1]. The Yarkovsky efficiency is
a fundamental quantity that describes the efficiency
with which solar energy is converted into orbital energy.
Any incorrect assumption about diameter, density,
obliquity, albedo, and phase lag is absorbed in the
Yarkovsky efficiency factor such that the orbitaveraged <da/dt> value, which is dictated by the
astrometry, is not affected by these assumptions.
Astrometry: The optical and radar astrometry
available as of August 22, 2020 includes 4522 optical
observations (9044 measurements) spanning 2004–
2020, 17 radar range measurements obtained during the
2005 and 2013 apparitions, and 29 radar Doppler
measurements. Eleven range measurements have
uncertainties smaller than 40 m, corresponding to
fractional uncertainties of ~2 parts per billion.
Methods: Our methods are described by Greenberg
et al. [1,3]. Briefly, we use software developed at
UCLA to interface with a state-of-the-art astrodynamics
platform, MONTE [2]. We considered the eight known
planets and 24 of the most massive minor planets as
gravitational perturbers. During close approaches to
Earth, the integrator considers a detailed model of the
planetary gravitational field. We also account for
general relativistic effects. Our Yarkovsky detection
metric relies on a rigorous analysis of variance.
Astrometric Fit: Our fit to the astrometry identifies
<1% of optical observations as outliers and yields a root
mean square (rms) of normalized optical residuals of
0.445. The largest normalized range residual is 0.73 and

the rms of normalized range and Doppler residuals are
0.340 and 0.377, respectively. The overall sum of
squares of residuals is 892 with 9005 degrees of
freedom, i.e., a reduced chi-square ~0.1, indicating that
measurements uncertainties are slightly over-estimated.
Results: We measured a Yarkovsky drift rate of
(–-23.43 +/– 12.4) x 10-4 au/My. The reliability of the
detection is quantified by a p-value of 2.5 x 10-9.
Apophis’s Yarkovsky efficiency estimated with a
diameter D=340 m [4] and a density 𝜌=3.4 g/cm3 [5,
upper range of likely values] is 𝜉 = 0.18. If the density
were 2.3 g/cm3, the Yarkovsky efficiency would be
similar to the median value 𝜉 = 0.12 of a sample of 247
near-Earth asteroids (Fig. 1).

Figure 1: The distribution of Yarkovsky efficiencies ξ
measured with a sample of 247 objects, adapted from
[1]. The median efficiency, 𝜉 = 0.12, and Apophis’s
efficiency, 𝜉 = 0.18, are shown with red vertical lines.
Trajectory Predictions: With our Yarkovsky drift
rate, we predict an Earth close approach (CA) time on
April 13, 2029 of 21:46:07.03 UT. The CA time
estimates change by +/– 1.43 s with the +/– 1 sigma
range of Yarkovsky drift rate estimates, corresponding
to approximately +/– 11 km along track. Trajectory
predictions that neglect the Yarkovsky effect are off by
+9.8 s or 72 km along track. The exact CA time in 2029
has a dramatic impact on the parameters of subsequent
close approaches. The 2036 CA time is mispredicted by
approximately one week when neglecting the
Yarkovsky effect, and spans +/– 19 hours with the +/–
1 sigma range in the Yarkovsky drift rate. In
comparison, the 2036 CA time is mispredicted by 8
minutes when neglecting the Earth’s gravity field.
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Importance of Radar Astrometry: Uncertainties
on the Yarkovsky drift rate with optical-only solutions
are about twice as large as those of the radar+optical
solutions. The improvement factor due to radar
observations is consistent with the approximate formula
2N–1, where N is the number of apparitions with range
astrometry [1].
References:
[1] A. H. Greenberg, J. L. Margot, A. K. Verma,
P. A. Taylor, S. E. Hodge. Yarkovsky Drift Detections
for 247 Near-Earth Asteroids. Astronomical Journal
159,
92,
2020.
https://doi.org/10.3847/15383881/ab62a3
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et al. MONTE: the next generation of mission design
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2018.
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AREA-OF-EFFECT SOFTBOTS (AOES) FOR SURFACE SCIENCE DURING PLANETARY FLYBY. J. W.
McMahon1 and C. M. Kepllinger2, 1Smead Aerospace Engineering Sciences Department, University of Colorado,
Boulder, CO USA (jay.mcmahon@colorado.edu), 2Department of Computer Science, University of Colorado,
Boulder, CO USA (christoph.keplinger@colorado.edu).
Introduction: This talk investigates the idea of
using Area-of-Effect Softbots (AoES) [1] - which are
currently in development under a Phase 2 NASA
Innovative Advanced Concepts (NIAC) project – to
measure the effects of a planetary flyby on an asteroid,
see Fig. 1. AoES were initially designed to operate in
proximity to, and on the surface of, small asteroids to
support mining and planetary defense missions,
however the design provides a capable platform that
could uniquely measure surface motion and spin state
changes. Their unique design and capabilities are
dependent on the incorporation of soft, compliant, and
lightweight materials. AoES have a large area-to-mass
ratio which allows them to take advantage of the
peculiarities of the dynamical environment around
small asteroids. Specifically, AoES will use solar
radiation pressure to sail to the surface of the target. This
capability and the associated control laws will be
demonstrated, removing the need for propulsion
systems. Furthermore, the large, flexible surface area
allows for robustness with respect to uncertainty about
the asteroid surface structure - it can provide flotation to
prevent sinking into a very loose, dusty regolith, and
also provide anchoring to the surface through natural
and electroadhesion forces.
The enabling technology that will allow the AoES
design loop to close is a new class of soft actuators
known as HASEL actuators [2]. These actuators harness
an electrohydraulic mechanism, whereby electrostatic
forces generate hydraulic pressure to drive shape change
in a soft fluid filled structure. HASELs provide an
extremely power- and mass-efficient mechanism for
actuating the large flexible surface areas that are the
essential components defining AoES. HASELs also
inherently allow for accurate measurement of
displacement of the actuators, which could provide a
crucial scientific measurement of surface motion.
Combined, AoES provide a unique scientific
platform that could be especially useful during a
planetary flyby scenario, as in the case of Apophis in
2029 [3]. The surface mobility will allow them to reach
the most desirable surface locations. The HASEL
actuators, supplemented with other scientific
instruments (e.g. scismometers, accelerometers,
gradiometers), could provide unique measurements of
the surface as the AoES are connected to the surface
through electroadhesion so solid contact can be ensured.
Finally, adding radiometric tracking capabilities can

allow us to make detailed measurements of the asteroids
spin state before, during, and after a flyby [4]. Landing
multiple AoES can provide simultaneous coverage of
multiple locations on the surface.

Figure 1 - AoES design in four different limb configurations
that promote surface contact and mobility.

AoES Overview: The initial system design of
AoES are pictures in Fig. 1. The flexible, actuated limbs
are shown in several different states which allow AoES
to move across/over an asteroid surface and to solar-sail
upon deployment and for landing on the asteroid. Once
on the surface, AoES use electroadhesion to artificially
stick to the surface. This is particularly important for
this proposed application as good contact with the
surface will allow for clear sensing of any surface
motion. This is pictured in Fig. 2.

Figure 2 - Concept of AoES sticking to an asteroid surface
using electroadhesion.

This talk will demonstrate the expected level of
sensitivity to surface motion and spin-state change
during the planetary flyby that could be measured if one
or more AoES are deployed to the surface of Apophis.
While not directly investigated here, it should be noted
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that these platforms could also be configured to interact
with or otherwise measure the asteroids surface and
material properties.
References: [1] McMahon, J. W. et al (2019) IEEE
Aero. Conf, 1-16. [2] Acome E. et al. (2018) Science,
359, 61-65. [3] Yu, Y. et al (2014) Icarus, 242, 82–96.
[4] French, A., McMahon, J. W. (2020) Icarus, 338.
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An Estimate of the Flux of
Apophis-Particle Meteors at Earth
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Near-Earth asteroid (99942) Apophis is
predicted to make a close encounter with Earth
on April 13, 2029. This close encounter will
bring Apophis within 6 Earth radii from our
geocenter providing an excellent opportunity to
study and observe the asteroid and any
subsequent effects of the interaction. Here, we
bring to your attention the possibility that the
passage of Apophis will not be the only event
worth observing. We predict a rain of Apophis
meteors that may be detectable to Earth’s meteor
monitoring systems.
NASA’s OSIRIS-REx mission has
recently shown that near-Earth asteroid (101955)
Bennu has been continuously producing
cm-sized ejecta at rates of ~104 grams per orbit
[1]. The production mechanisms of Bennu’s
activity may be common to all asteroids in
near-Earth space [2]. Apophis experiences a
dynamical environment which is very similar to
Bennu. Assuming Bennu-like activity rates are
also happening on Apophis, we have developed
a complex simulated environment which
accounts for the most potent perturbing
gravitational bodies and solar radiation forces
that are applicable to the evolution of the motion
of centimeter-size material [3]. We are using
REBOUND, an orbital integration API
developed by Hanno, Rien and Tamayo [4],
augmented with REBOUNDx, developed by
Tamayo et al. [5], to include solar radiation
pressure and Poynting-Robertson drag. The

meteoroid stream is propagated between 1900 2029 using an Apophis ephemeris that places the
asteroid at its most likely position for the 2029
encounter. Unlike most meteoroid stream
evolution studies, our simulations release
particles from Apophis at a regular (~weekly)
rate around its entire orbit, consistent with the
Bennu observations.
Assuming similar particle production
mechanisms at Apophis as observed at Bennu,
Apophis could be producing on order of 104
grams of material continuously throughout its
orbit. Of that material, we assume 30% will
escape on hyperbolic trajectories [6]. This
results in roughly 3500 grams of new material
entering the Apophis meteoroid stream annually.
We model this production at rates of 150
particles per simulated week.
Initial simulations produced over 2
million particles within the 129 year time range
of our simulation (1900-2029). This is
representative of double the mass loss expected
for this time range. These preliminary
simulations show that meteor activity from
Apophis can be expected during the 2029 close
approach. From the 2 million particles
produced, ~3500 particles were found within 5
Earth radii at the time of close approach. These
particles are found to follow a size distribution
that is distinctly larger than the average (Figure
1). This is an interesting initial result, as it
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provides a way to compute the magnitude of the
meteors as these particles enter the Earth’s
atmosphere.

Acknowledgements: This work is supported by
Ithaca College. Software is developed with the
aid of S. R. Chesley, Q. Ye, and M. C. Nolan.

We calculate a peak flux density of
5*10 km-2hr-1 at 9:40 pm UTC April 13 2029
lasting for ~90 minutes. To an observer this
would appear as a Zenith Hourly Rate of ~0.2
meteors per hour.
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This initial flux estimate is on the order
of the smallest observable meteor showers [3].
However, observations are feasible and they
promise to be closely correlated to the timing of
Apophis’ close approach.

Figure 1: Particles produced in our simulation
follow the size distribution shown in blue. The
particles predicted to contribute to the meteor
flux in 2029 are overlaid in purple.
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TIDAL ENCOUNTERS OF RUBBLE PILES REVISITED: SIMULATIONS WITH SOFT SPHERES AND
VARIOUS PACKINGS. P. Michel1 and Y. Zhang1, 1Université Côte d’Azur, Observatoire de la Côte d’Azur, CNRS,
Laboratoire Lagrange, CS 34229, 06304 Nice Cedex 4, France, michelp@oca.eu.
Introduction: A close approach of an asteroid to a
planet, such as the one of Apophis to the Earth in 2029,
can cause surface motion, reshaping or even a
catastrophic disruption. A good understanding of tidal
effects is crucial as such effects may be at the origin of
some of the observed characteristics of small bodies and
therefore may give important clues on their history and
structures [1]. We revisit this important process [2],
which was already the subject of several past studies [3,
4, 5], by performing simulations with a more realistic
numerical treatment of contact forces and frictions
between the rubble pile constituent during the
encounter, and a more natural internal packing of the
modeled rubble pile. We then discuss the differences in
the outcome with previous works.
Numerical approach: We use the parallel N-body
tree code pkdgrav and its implementation of the SoftSphere Discrete Element Method (SSDEM; see [6, 7]
for details on this implementation). In granular physics
model, four dissipation/friction components in the
normal, tangential, rolling, and twisting directions are
applied for computing particle contact forces. The
compressive strength of the material is controlled by
two stiffness constants for the normal and tangential
directions; the contact energy dissipation is controlled
by two coefficients of restitution for the normal and
tangential directions; the magnitude of material shear
strength is controlled by three friction coefficients for
the tangential, rolling, and twisting directions, and a
shape parameter that represents a statistical measure of
real particle shape.
This technique was recently used [8] to simulate the
encounter of Apophis with the Earth, but an Hexagonal
Close Packing (HCP) for the internal packing of the
asteroid, modeled as a rubble pile, was considered,
while a Random Close Packing (RCP) may be more
appropriate to represent the actual packing of such an
object. Here we perform a general investigation of tidal
encounters, with an application to Apophis, and
consider both an HCP and an RCP model of the rubble
pile. We then compare with previous works using
different techniques and with results from the
continuum theory [9].
Rubble pile and encounter setup: The rubble-pile
progenitor is modeled as a spherical granular assembly
consisting of ~10,000 identical spherical particles.
Regarding the internal packing, we explore two possible
configurations in this study: an HCP configuration with
a number of particles N = 11577 and a particle radius of
40 m, and an RCP configuration with N = 10011 and a

particle radius of 40 m. In order to make direct
comparisons with past Hard Sphere Discrete Element
Method (HSDEM) results, the initial conditions of our
simulated rubble piles are the same as those considered
in [5] who used HSDEM to simulate the tidal encounter
process. Because contact forces are not physically
computed in HSDEM, the angle of friction of the HCP
rubble pile simulated with this technique is controlled
by the interlocking geometry and gets the value of 40°
(see, e.g., [10]). For our SSDEM HCP rubble pile, we
adjust the friction coefficients so that the resulting angle
of friction is also 40° for a direct comparison. On the
other hand, for our SSDEM RCP rubble pile, to
investigate the influence of the angle of friction on the
tidal encounter outcome, we consider 3 sets of values of
friction parameters, resulting in 3 different angles of
friction (i.e., 18°, 27° and 32°).
We then perform simulations of approaches of our
rubble piles with the Earth on different hyperbolic
orbits, which are defined by the encounter velocity at
infinity, V∞, which ranges from 0 km/s (parabolic orbit)
to 20 km/s, and the perigee distance q, which ranges
from 1.1 to 2.5 Earth’s radius. Each run ends when all
the tide-induced fragments (or the reshaping rubble
piles) have settled down to stable states, which typically
occurs 1–2 days after perigee.
Results: Figure 1 shows typical outcomes of our
SSDEM tidal encounter simulations. Our results are
very different than previous ones using HSDEM [4]. In
particular, we find that the latter method overestimates
the efficiency of planetary approaches to cause a mass
loss of the rubble pile undergoing tidal forces. Thus,
asteroid family formation resulting from tidal disruption
cannot be as frequent as previously estimated using the
hard-sphere treatment.
We also find that the packing of a rubble pile has
great influence on the encounter outcome. As shown in
Fig. 2, the RCP leads in general to an effect of tidal
forces at larger periapses than the HCP. We also observe
for the RCP case a continuous trend in the effect of tidal
forces with decreasing periapses and speed at infinity,
while a tidal encounter for an HCP model depends
sensitively on the precise internal configuration and
orientation of the model towards the tidal force
directions.
For a same packing and encounter conditions, the
strength of a rubble pile against a tidal encounter
depends also on the number of boulders composing it.
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Figure 2. The mass ratio of the largest remnant to the
original mass of the rubble-pile as a function of V∞ and
q for (a) the RCP model and (b) the HCP model.
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Figure 1. Three types of tidal encounter outcome
examples for the RCP rubble pile model.
Finally, our simulations find a good agreement with
the static continuum theory. But complementary to the
tidal disruption limiting distance given by this theory,
our simulations describe the dynamics of the process
and provide a description of the final state of the rubble
pile (e.g., shape, spin, surface and internal motions as
well as number, shape and spin rate of fragments in case
of disruption), once the encounter is over.
Conclusion: Our investigation shows that
predicting what will happen during the tidal encounter
of a small body needs some knowledge about the
internal configuration of the object. On the other hand,
measuring the end result of a tidal encounter can allow
us to provide some constraints on the internal and
mechanical properties of the object.
For now, we focused on global outcomes, and not in
the detailed of what may happen on the surface or in the
interior, in a subtle but still possibly measurable way.

Monitoring a very close planetary approach, like the
one by the Asteroid Apophis in 2029, and being able to
measure even subtle changes can allow us to progress in
this kind of modeling and give clues about the
mechanical and internal structures of the asteroid, which
is a gold mine to understand how these bodies form and
then evolve against external processes.
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Apophis Rendezvous Mission for Scientific Investigation and Planetary Defense. H.-K. Moon1, Y.-J. Choi1, M.J. Kim 1, Y. JeongAhn1, H. Yang1, M. Jeong 1, M. Ishiguro2, S.-M. Baek1, J. Choi1, C. K. Sim1, D. Lee1, S.-Y. Park3,
P. Kim3, S.-J. Kwon4, G.-H. Shin4, K.-S. Ryu4, S.-G. Kim4, J.-S. Lee4, J.-G. Seo4, S.-Y. Kim4, D.-G. Kim4, I.-H.
Shin4, S.-O. Park4, T.-J. Chung4, G.-S. Shin4, H.-T. Choi4, and H.-S. Yoon5, 1Korea Astronomy and Space Science
Institute (KASI), 2Seoul National University, 3Yonsei University, 4Satellite Technology Research Center (SaTReC),
Korea Advanced Institute of Science and Technology (KAIST), and 5Department of Aerospace Engineering, Korea
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Introduction: 99942 Apophis is a Sq-type Aten
group Near-Earth Asteroid (NEA) with an estimated
size of 340 m [1]. Shortly after its discovery when the
prediction was based only on relatively few initial
observations on hand, this NEA triggered concerns for
impact threat. At this period, the prediction suggested a
maximum probability of 2.7% that Apophis could be
sent into a collision course with the Earth on April 13,
2029 [2]. However, coordinated follow-on astrometric
measurements with ground-based optical telescopes
and radars to track this object provided significantly
improved predictions over the subsequent years, and
the possibility of impact in 2029 was removed [3].
Science with Apophis: Apophis will approach the
Earth to come within the geostationary orbit during the
upcoming encounter. Thus it is expected to offer a
unique chance to study either its 1) global properties
(shape, surface topography, internal structure, and
rotation and spin states), 2) the surface arrangements
(regolith and boulder distributions, distributions of
space weathered and newly exposed un-weathered
regolith on the surface), or 3) their detectable changes
expected to happen on the body during the approach
[4]. The tidal encounter is expected to trigger varying
degrees of observable changes in the dynamics, spinstates, and the surface arrangements of Apophis due to
tidal forces caused by Earth’s gravity field. The
encounter in 2029 is expected to alter its surface
topography with material movement such as landslide
and mass ejection [5]. Hence the only possible way to
quantitatively study tidally induced effects is in-situ
measurement by a dedicated space mission aimed at
the encounter.
Planetary defense exercise with dedicated in-situ
measurements: An asteroid of this size is expected to
collide with Earth about every 80,000 years, and could
devastate a metropolitan city or a small country. With
a dedicated rendezvous mission to Apophis, we should
be able to fill in the knowledge gaps in our scientific
understanding of tidal effects that could be used for
planetary defense when there is a real threat. This is
why we propose a rendezvous mission to Apophis. The
proposed mission is based on the third revision of the

Basic Plan for Promotion of Space Development (2018)
of the Korean Government.
Spacecraft platform: There are several options for
the spacecraft platform for the mission, including a
small scientific satellite bus system with a compact and
modular design developed by KAIST. This standard
bus system is equipped with an electrical Hall-effect
thruster space-proven in low Earth orbit.
Science payloads: We established scientific goals
for the proposed mission as described in ‘Science with
Apophis’; the study of 1) the global properties, 2) the
surface arrangements, and 3) their detectable changes
predicted to occur on Apophis during the encounter on
April 13, 2029. In order to achieve the goals, the
science definition team is currently drafting the science
requirements for candidate payloads. Our list includes
wide/narrow-angle cameras, a multi-band imager, a
polarimetric camera (a heritage from PolCam (WideAngle Polarimetric Camera) [6] to be onboard KPLO
(Korea Pathfinder Lunar Orbiter) [7], a laser altimeter,
and a dust particle detector and a magnetometer for
cruise operations as options.
Launch windows: We conducted a preliminary
mission analysis for the proposed mission, and found
that the launch windows in July 2026 and in January
2027 are the most probable opportunities. Our tentative
plan is 1) to design (2022-2023), 2) to build, integrate,
and test (2024-2026), 3) to launch (2026/27), and to
perform 4) science operations (2026/27-2029) with
universities, research institutes, and companies in
Korea. However, it is opened to overseas institutes for
joint scientific studies. One of our current options for
the launcher is to use the KSLV (Korea Space Launch
Vehicle) series rocket in development.
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[5] Lauretta D.S. et al. (2019) Science 366, 1192. [6]
Sim C. K. et al. (2020) PASP, 132, 015004. [7] Ju G. et
al. (2013) 64th IAC, Abstract IAC-13.A3.2C.10.
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OBSERVING APOPHIS IN 2029: LESSONS FROM OTHER NEO FLY-BYS. N. A. Moskovitz1, M.
Devogèle1, 1Lowell Observatory, 1400 W. Mars Hill Road, Flagstaff, AZ 86004, USA, nmosko@lowell.edu.

Introduction: The near-Earth flyby of asteroid
99942 Apophis in April of 2021 will be an historic
event due to the rarity of such a large body (D~300m)
undergoing such a close encounter (altitude ~31,000
km or just under 5 Earth radii). However, encounters at
such small separations are not rare. Since the discovery
of Apophis in 2004, 21 near-Earth objects (NEOs)
have experienced closer encounters with the Earth,
albeit these were objects roughly two orders of
magnitude smaller than Apophis. Nevertheless, such
flybys provide important insight on the systems and
formalisms needed to study these events, and into the
physics of gravitational interactions between major and
minor planets. We will discuss examples of recent
NEO encounters and associated ground-based
observational campaigns, lessons learned from these
campaigns that are directly relevant to planning for
Apophis, and an outline of infrastructure needs to
maximize the scientific return from observations
surrounding the Apophis flyby.
367943 Duende: In February of 2013 the 40-m x
20-m asteroid Duende experienced a near-Earth
encounter at an altitude of 28,000 km. Lightcurve
observations found that Duende is now in a nonprincipal axis rotation state with fundamental periods
P1 and P2 equal to 8.7 and 23.7 hr respectively [1].
Available data and dynamical analyses suggest that
Duende may have entered into this rotation state
following an increase in its precessional rotation period
(P1) due to the planetary encounter [1,2]. This
relatively slow tumbling state, a 2:1 axis ratio, and
distance of the encounter are all good analogs to
Apophis [3] and its encounter in 2029.
The primary limitation to assessment of Duende’s
possible change in rotation state was an incomplete
and low quality data set prior to the planetary
encounter. Similar challenges associated with Apophis
(e.g. an outbound post-flyby trajectory at solar
elongations <20°) will make it difficult to monitor the
entirety of its flyby from ground-based facilities.
3200 Phaethon: The enigmatic asteroid-comet
Phaethon seems to have experienced at least one recent
fragmentation event [4] and displays short bursts of
mass loss at perihelion [5], thus it is reasonable to
suggest that Phaethon may have a complex,
heterogeneous surface. In December of 2017 Phaethon
approached the Earth at a distance of 0.07 AU (30x the
Earth-Moon distance) and due to its large size (D~5
km) reached an apparent magnitude V~10, making it
one of the brightest apparitions of any NEO over the

past few decades. Multiple observational campaigns
during this encounter focused on assessing the physical
properties of this unusual object. Rotationally resolved
spectroscopy indicated a spectrally uniform surface
[6], while Doppler delay radar imaging revealed largescale surface features including at least one crater and
a radar-dark spot [7]. Polarimetric observations
displayed rotationally-correlated variability at the level
of 3% in relative polarization ratio, which is attributed
to surface heterogeneity, either in albedo and/or
regolith properties [8,9].
(155140) 2005 UD: The asteroid 2005 UD is
dynamically associated with 3200 Phaethon suggesting
that the two objects may be genetically related.
Previous work found that the surface of 2005 UD
displays color heterogeneity [10]. A favorable
apparition in late 2018 provided an opportunity to
further investigate the nature of 2005 UD. In addition
to photometry and polarimetry, our group carried out a
detailed campaign of spectroscopic observations aimed
at sensitively probing for surface heterogeneity [11].
Visible spectroscopic observations were carried out
over two full rotation periods. These data suggest no
statistically significant variability in spectral slope with
an average slope and 1-sigma variability of 2 ± 1% per
0.1 microns, implying a largely uniform surface as
viewed during the 2018 apparition.
Preparing for Apophis: These case studies serve
as important antecedents to the 2029 Apophis flyby.
Observations of Apophis in 2029 – ground-based,
space-based, or in situ – will undoubtedly focus on
probing for rotational changes and/or changes is
reflectivity caused by mobilization of surface regolith.
As with Duende, diagnosing rotational changes for
Apophis will require extensive monitoring. The postflyby rotation state of Duende was well constrained
with ~2-3 days of nearly continuous lightcurve
observations, roughly a factor of 3x the longest period
in the system. Achieving similar coverage for Apophis,
whose longest rotational mode is around 260 hours [3],
will be a significant challenge requiring approximately
a full month of observation.
As we learned from Phaethon and 2005 UD,
probing for changes in surface reflectivity clearly
revealed ~3% variability in polarization ratio [8.9] and
constrained visible spectral slope at a 1-sigma
precision of ~1% [11]. Carefully calibrated
photometric images taken in different filters should be
capable of diagnosing color changes at higher levels of
precision. These polarimetric, spectroscopic, and
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photometric techniques will all require facilities and
instruments capable of tracking Solar System objects at
high non-sidereal rates. Additional consideration needs
to be given to the instrumentation required to achieve
high levels of stability for targets like Apophis. This is
particularly true for ground-based facilities that will be
sensitive to ever-changing atmospheric conditions.
Simultaneous capture of complementary data products,
e.g. broad band imaging in multiple filters or visible +
near-IR spectra, can help to mitigate systematic effects
that may obscure any underlying changes in the
reflectance properties of Apophis induced during the
planetary encounter.
Irrespective of instrumentation requirements, the
geometry (i.e. solar elongation) of the Apophis flyby
will preclude optical ground-based observations
immediately following the Earth encounter. Significant
post-flyby characterization with ground-based optical
telescopes will have to wait until September 2029
when the solar elongation of Apophis reaches values
higher than 90°. In this April – September window,
reliance will be on space-based platforms to provide
new data. Irrespective of any dedicated in situ
spacecraft, consideration should be given to
repurposing of existing flight assets (e.g. OSIRIS-Rex,
Hayabusa 2, NEOCam) to specifically target Apophis
during the months surrounding the 2029 flyby.
Acknowledgments: This work has been enabled
by NASA grants NNX14AN82G and NNX17AH06G
in support of the Mission Accessible Near-Earth
Object Survey (MANOS).
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MULTIWAVELENGTH RADAR OBSERVATIONS OF APOPHIS. M. C. Nolan1, L. A. M. Benner2, M.
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Introduction: Because of Apophis’ extremely
close approach in 2029, it will be observable at
reasonable SNR using facilities not usually suitable for
asteroid observations. Planetary radar systems are
designed based on a combination of technical and direct
scientific criteria. The long lead time and physical
properties of Apophis will allow observations at many
wavelengths, which can inform future decision about
radar studies of NEAs and the design of radar facilities.
Background: For a given antenna and power,
shorter wavelengths will allow higher SNR and
resolution, while longer wavelengths will allow deeper
surface penetration. Most existing ground-based
planetary radar systems are designed to use the highest
frequency technically available at that telescope, in
order to maximize SNR (which intrinsically varies as
wavelength 𝜆–1.5 for a given antenna and constant
power) and range resolution. Range resolution is a
function of bandwidth, not explicitly a function of
wavelength, but practical radar systems have a
bandwidth that is a more-or-less fixed fraction of the
operating frequency, typically ~1%, so that resolution is
~linear in frequency, or reciprocal in wavelength. On
the other hand, surface penetration depth is typically
~linear in wavelength. For measuring the surface
profile, penetration is not desirable, but for measuring
material properties, it often is. As an example, 70-cm
observations of the Moon show flow features not visible
in 13-cm observations [1]. In addition, if dualpolarization observations are available, multiwavelength observations yield information about
surface particle grain sizes at the various wavelength
scales, which may be from mm to meters, e.g., [2].
2029 Observations: Apophis will approach very
close to the Earth in 2029, allowing study at high SNR
with many radar systems. However, its long rotation
period, > 30h, has two major implications for radar
observations. First, most observations will be bistatic,
with separate antennas transmitting and receiving to
provide Doppler resolution, and second, after a few
minutes of observing, we will be waiting for the asteroid
to rotate to give another view. Bistatic observations will
allow dual-polarization observations even for facilities
that are not normally capable of them, but will require
careful planning, as the most wavelength-flexible

systems (the Green Bank Telescope and the Arecibo
Observatory) may need to participate in several of the
observations.
Current observing wavelengths span the range from
~5 MHz to ~100 GHz, with high-power transmit
capability at 5-10 MHz (Arecibo, HAARP), 50 MHz
(Jicamarca, MU), 150 MHz (ALTAIR), 225 MHz
(EISCAT), 430 MHz (Arecibo and others), ~1 GHz
(EISCAT), ~2.4 GHz (Arecibo, Canberra), 7-9 GHz
(Goldstone), 35 GHz (KaBOOM, DSN), and ~100 GHz
(Haystack). The facilities mentioned are examples:
others are likely possible. Of these, only Arecibo and
Goldstone routinely perform planetary radar
observations, though many of the facilities have done at
least proof-of-concept observations of, for example, the
Moon. The Green Bank Telescope can receive at many
of the frequencies, and is commonly used as a bistatic
receive station for radar observations. The most difficult
are likely the extreme frequencies: 5 MHz and 100 GHz,
where bistatic reception may be difficult, as they are
outside the range of many telescopes. The lowest
frequencies will also suffer from atmospheric
absorption and may not be possible.
Summary: The very close approach of Apophis will
allow characterization at multiple wavelengths with
different resolutions and penetration depths. Because
Apophis’ slow rotation, multiple experiments can
observe the same “face” of Apophis allowing
comparison of the radar scattering properties at multiple
wavelengths. Careful scheduling will be required to
assure that the most in-demand facilities are used
optimally, and some observations, such as highresolution ranging for orbit determination, may have
higher priority than others. Facilities that have not
previously attempted planetary observations should be
tested using the Moon or other available target in
preparation for the Apophis observations, and to
complete the multi-wavelength radar characterization of
the Moon.
References: [1] Campbell, B. A. et al. (2007) IEEE
Trans. G&RS. 45, 4032-4042. [2] Virkki, A. K. and S.
S. Bhiravarasu (2019) JGR Planets 124, 3025-3040.
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HOW UNIQUE IS ALMAHATA SITTA AND HOW RELEVANT IS IT TO BENNU?
J. O. Nolau1, T. D. Swindle2, H. Campins1, and H. C. Connolly Jr.2,3,1University of Central Florida, Department of
Physics, 4000 Central Florida Blvd. Orlando, Fl 32816, USA,2University of Arizona, Lunar and Planetary
Laboratory, 1629 E. University Blvd. Tucson, AZ 85721, USA, 3 Rowan University, Department of Geology, 201
Mullica Hill Rd. Glassboro, NJ 08028. Corresponding author. Email: jnolau@knights.ucf.edu
Introduction: The albedo diversity on the
surface of asteroid (101955) Bennu is the largest
observed in any asteroid. The geometric albedo
ranges from 3.5% to >15% and the surface features
detected so far range from centimeters to decameters
in diameter [8]. To date, similar albedo diversity
among meteorites have been reported for Almahata
Sitta and Kaidun; however, for Kaidun the different
lithologies were within one meteorite with a sample
size that was too small to be used as an analog for the
surface of Bennu [5].
Almahata Sitta was a
large-scale fall event (in 2008) more relevant for
comparison with Bennu. Almahata Sitta contained
different lithologies within its strewn field including:
ureilites, enstatite chondrites, two types of ordinary
chondrites (H and L), and carbonaceous chondrites
[2,4]; all these were linked to Almahata Sitta by their
exposure histories. How rare are meteoritic falls like
Almahata Sitta that contain different classifications
within its strewn field? Here, we address this
question and explore the relevance to the albedo
diversity observed on the surface of Bennu. This
comparison is motivated in part by the likelihood that
both Bennu and Almahata Sitta originated from the
same region of the asteroid belt and may have been
affected by similar processes [1,3].
Methods: We analyzed strewn fields of low
albedo material in order to determine if there are
xenoliths of high albedo material present among
them, as is the case for Almahata Sitta. We
determined the location and size of the six
carbonaceous chondrite strewn fields listed in the
Meteoritical Bulletin Database: Allende (CV3, fell in
Mexico, 1969), Moss (CO3, Norway, 2006),
Murchison (CM2, Australia, 1969), Sutter’s Mill
(CM2, United States, 2012), Orgueil (CI1, France,
1864), and Tagish Lake (C2 ungrouped, Canada,
2000). The meteorite candidates were mapped and
narrowed down by geographic location, placement
relative to each strewn field, and year of fall to
determine their likelihood of being a potential
member of the original body.
Results: There are eight high albedo finds
(ordinary chondrites, H and L) within the Allende
strewn field that postdate the recorded fall. The finds
have a placement that is supportive of being possible
members of the Allende strewn field, although

weathering of finds and exposure ages are still to be
studied. No other recorded finds have been reported
within the other strewn fields.
Discussion: Further investigation of the
exposure ages (both the cosmic-ray exposure ages
and the terrestrial exposure ages) of the individual
finds within the Allende strewn field would be
diagnostic of a link with the Allende fall. The fact
that a large number of high-albedo meteorites have
been found within the Allende strewn field, and none
have been found in the other strewn fields, is
consistent with the possibility that the incorporation
of foreign lithologies into a carbon-rich meteoroid
may not be uncommon. If correct, the implication is
that the Allende parent body was composed of
multiple lithologies, similar to that of the Almahata
Sitta parent body and possibly Bennu.
Acknowledgments: The Meteorite Bulletin
Database for providing access to information about
meteorite specimen locations and compositions, and
access to linked geographic coordinates in Google
Maps of each specimen location.
References: [1] Campins H. and Morbidelli
A. et al. (2010) The Astrophysical Journal Letters
721: L53-L57. [2] Bischoff A. and Horstmann M. et
al. (2010) Meteoritics & Planetary Science 45:
I10-11:1638-1656. [3] Goodrich C. A. and Hartmann
W. K. et al. (2014) Meteoritics & Planetary Science
50: 782-809. [4] Jenniskens P. and Vaubaillon J. et
al. (2010) Meteoritics & Planetary Science 45:
I10-11:1590-1617. [5] Zolensky M. E. and Ivanov A.
V. et al. (1996) Meteoritics & Planetary Science 31:
I4: 484-493. [6] Jenniskens P. and Shaddad M. H. et
al. (2009) Nature 458: I7237: 485-488. [7]
Gayon-Markt J. and Delbo M. et al. (2012) Monthly
Notices of the Royal Astronomical Society 424: I1,
I21: 508-518. [8] DellaGiustina D. et al. (2019)
Nature Astronomy 3: 341-351.
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THERMAL IMAGER TO REVEAL SURFACE PHYSICAL STATE OF ASTEROIDS. T. Okada1, T.
Fukuhara2, M. Yoshikawa1, and Hera-TIRI Team, 1Institute of Space and Astronautical Science, Japan Aerospace
Exploration Agency, 3-1-1 Yoshinodai, Chuo, Sagamihara, 252-5210 Japan, okada@planeta.sci.isas.jaxa.jp, 2Rikkyo
University, Tokyo, Japan.

Introduction: Thermal imaging is a powerful tool
to investigate the physical state of planetary surfaces.
The first high-resolution one-rotation global thermal
images of an asteroid in history have been taken by the
thermal infrared imager TIR on Hayabusa2 [1]. Highly
porous nature of C-type asteroid 162173 Ryugu has
been discovered [2-3]. In the ESA Hera mission,
thermal imaging will reveal the surface physical state of
the S-type binary asteroid Didymos for the first time [2].
Understanding the physical state of Apophis is essential
to investigate the influence of earth impact and the
effect of deflection by impact.
TIR on Hayabusa2: TIR is a thermal imager on
Hayabusa2, based on uncooled micro-bolometer with
328 x 248 effective pixels and 16° x 12° field of view.
It contributed to studying thermophysical properties of
C-type asteroid Ryugu. From the Home Position, 20 km
from the asteroid, high-resolution one-rotation global
thermal image set has been taken on 30 June 2018 for
the first time. Higher-resolution thermal image set has
been taken on 1 August 2018, during the Mid-Altitude
Observation Campaign from the altitude of 5 km, with
the spatial resolution of 4.5 m per pixel. During the later
stages of descent operations for touchdowns and its
rehearsal operations, and for the release of the European
small lander MASCOT and the twin hopping microrovers MINERVA-II, those thermal images of local
areas but even higher resolution have been taken at
several regions, from the altitudes of 500 m to 20 m.
Close-up thermal images just before touchdown below
the altitude of 10 m with the spatial resolution < 1 cm
per pixel. We concluded that the C-type asteroid Ryugu
are made of highly porous materials that originated from
the fragments of porous parent body [2]. We discovered
some boulders that have thermal inertia as high as dense
carbonaceous chondrites, indicating their origin from
the innermost consolidated region of the parent body[2].
TIRI Instrument: TIRI is a thermal imager for the
Hera mission, based on uncooled micro-bolometer array
with 1024 x 768 effective pixels, and 13.3° x 10° field
of view, 4 times higher spatial resolution than TIR on
Hayabusa2. TIRI is a one-box instrument, consisting of
the sensor unit BOL and the electronics unit SHU, with
the targeted specification of the total mass of 3.5 kg, the
power of 17 W, and the envelope area 190 x 250 x 260
mm (main body of 150 x 180 x 230 mm). TIRI has the
functions of thermal imaging with multi-band filters [3].

An eight-point filter wheel will be implemented on
TIRI: one band for close (used as a shutter), one for a
wide band (8-14 μm) for thermal imaging, and the other
6 narrow bands covering 3 bands in 8-10 μm for
Christensen Feature (CF) and 3 bands in 10-12 μm for
Reststrahlen Feature (RF). Color ratios of multi-bands
informs on composition of materials such as SiO2
abundance in silicates, and olivine to pyroxene ration of
crystalline silicates and oxides.
In the Hera mission, TIRI and other instruments will
observe the binary asteroid Didymos and its moon
DImorphos to characterize their surface from the
altitude of 30 to 20 km. Then the Hera will descend to
the lower altitude of 20 to 10 km, to investigate the
surface with higher spatial resolution. The spacecraft
will go down to lower altitude to conduct close-up
thermal imaging with higher spatial resolution,
especially for the artificial crater formed by the impact
of NASA DART spacecraft.
Science objectives of TIRI: The main objectives of
the Hera mission regarding Planetary Defense are to
obtain information on the effect of DART impact to
Dimorphos by the observation of the dimension and the
excavated materials of the artificial crater, and by the
precise orbital determination. TIRI will contribute to the
purposes by measuring the crater dimension, the
sedimentation of ejecta, and the YORP (B-YORP)
effect by constructing the thermophysical model.
TIRI will take thermal images of the binary to study
their surface thermal inertia and to derive their porosity
of boulders and surrounding sediments. Characterizing
the materials of S-type asteroids is also the main target,
by comparing C-type asteroid Ryugu. Dimorphos is the
smallest body ever explored by the spacecraft and
interested in its surface physical state (consolidated or
not) for its low gravity field. Origin of the binary should
be investigated by comparing the composition and
physical state.
Future mission to Apophis: Surface physical state
of Apophis is similarly a key information both for
planetary defense and science, so that a thermal imager
should be implemented in the future missions. Thermal
imaging is also applicable to flyby mission, so that it is
practical even for a low-cost small missions.
References: [1] Okada T. et al. (2017) SSR. 208,
255-286. [2] Okada T. et al. (2020) Nature, 579, 518522. [3] Shimaki Y. et al. (2020) Icarus 348, 113835. [4]
Okada T. et al. (2020) LPSC, #1355
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AN ESTIMATION OF THE YARKOVSKY EFFECT ON ASTEROID (99942) APOPHIS VIA HIGH-ORDER
TAYLOR POLYNOMIALS. J. A. Pérez-Hernández1,2 and L. Benet1, 1Instituto de Ciencias Físicas, Universidad
Nacional Autónoma de México, UNAM, Apdo. Postal 48-3, 62251 Cuernavaca, Mor., México. 2jperez@icf.unam.mx.
Introduction: It has been shown that for asteroid
(99942) Apophis the leading source of uncertainty for
predictions of its orbital motion is due to nongravitational accelerations arising from anisotropic
thermal re-emission of absorbed solar radiation, known
as the Yarkovsky effect [1]. Yet, previous attempts to
obtain this parameter from astrometry for Apophis have
only yielded marginal detections [2]. Here, we present
an independent estimation for the Yarkovsky effect on
Apophis from optical and radar astrometry. Our
approach is based on automatic differentiation
techniques in terms of high-order Taylor series
expansions both with respect to time and deviations
with respect to a given orbital solution [3].
Dynamical model: Our dynamical model for
Apophis takes into account post-Newtonian
accelerations from the Sun, the eight planets, the Moon
and Pluto, oblateness effects from Earth's J2 zonal
harmonic, perturbations from the 16 most-massive
main-belt asteroids and a non-gravitational acceleration
term in the transverse direction accounting for the
Yarkovsky effect. We implement our own planetary
ephemeris integrator, which essentially reproduces the
JPL DE430 ephemeris integration below the ~1m level
during the time span of our numerical integrations [4].
Results: Exploiting these techniques, we implement
a Newton method for orbit determination, and perform
two orbital fits to optical and radar astrometry: a 6
degrees-of-freedom (DOF) gravity-only orbital fit for
the initial conditions, and a 7 DOF orbital fit, which
includes the Yarkovsky parameter A2 as an additional fit
parameter, obtaining a secular semimajor axis drift
〈𝑎̇〉 = (-25 ± 13)×10-4 au/Myr. Our optical astrometry
error model accounts for biases present in star catalogs
[5], and accounts for other sources of systematic errors
via an appropriate weighting scheme [6]. Using our
orbital solutions, we provide predictions (nominal and
3-sigma uncertainty ellipses) for optical and radar
observations for the upcoming close approach that
Apophis will have with Earth on March 2021. Finally,
we project the orbital uncertainty onto the 2029 B-plane,
and propose a parameterized orbit determination
scheme, which allows us to compute the time-evolution
of the orbital uncertainty of Apophis via a high-order
Taylor series parameterization.
Acknowledgments: We acknowledge financial
support provided by UNAM-PAPIIT AG100819.
References: [1] D. Vokrouhlický et al. (2015).
Icarus, 252, 277-283. [2] M. Brozović et al. (2018).

Icarus, 300, 115-128. [3] J.A. Pérez-Hernández and L.
Benet. (2020). TaylorIntegration.jl v0.8.3. URL:
https://github.com/PerezHz/TaylorIntegration.jl/tree/v0
.8.3 [4] W.M. Folkner et al. (2014). Interplanetary
Network Progress Report, 196(1). [5] S. Eggl et al.
(2020). Icarus, 339, 113596. [6] D. Farnocchia et al.
(2013). Icarus, 224, 192-200.
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POST-FLYBY OBSERVATIONS OF APOPHIS FROM THE MOON. David Polishook1, 1Faculty of Physics,
Weizmann Institute of Science (david.polishook@weizmann.ac.il, 234 Herzl St., Rehovot 7610001, Israel).

flyby. Even though Apophis will not pass near the Moon
as close as to the Earth (95K km compared to 38K km),
it will be extremely bright, with its brightness ranging
between 13.1 to 5.4 (at closest Moon range) up to ~18
magnitude when daylight will hit this lunar longitude. It
is needless to mention that on the Moon weather
conditions or atmospheric extinction are irrelevant.

Fig. 1: Post-flyby days in which Apophis will be observable
from the Moon surface at the marked coordinates (0o, 0o at the
center; interval of 30o, East at right). Eastern parts of Mare
Fecunditatis will view Apophis the longest, for almost 60 h.
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Introduction: The near-Earth flyby of Apophis has
the potential to modify its physical parameters such as
spin, shape, and rotation axis. However, just after the
flyby, the trajectory of Apophis will take it in the
direction of the Sun, making it unavailable for optical
ground base telescopes. This will prevent the
measurement of any induced change in the ~30 h
rotation-period of Apophis. Fortunately, the Moon will
be ideally located between the Earth to the Sun,
allowing a post-flyby observing run of almost 60 h.
Moreover, a unique scientific mission from the Moon
surface at 2029 would be timely to accommodate
NASA’s Artemis project that will land astronauts on the
Moon as early as 2024. Observations of Apophis from
the Moon could be a relatively cheap addition to these
manned missions.
Here I briefly discuss how this additional observing
time is essential for measuring the spin modification;
the location on the Moon that is ideal for observations;
parameters of required telescopes and possible
instruments; funding opportunities, and possible
caveats.
Spin modification: Models suggest that following
the flyby, Apophis will experience strains from the
Earth’s tidal forces that will cause Apophis’ rotation
period of ~30 h to be altered by a few up to ~5 h,
spinning up or down (e.g. [1, 2]). Moreover, it is unclear
when the seismic activity within Apophis will relax
(since this depends on its unknown interior parameters
such as density, rigidity and dissipation factors) and
how this will continue to modify Apophis spin
parameters. Therefore, observations of at least 25 to 35
h will be required to cover one cycle of the modified
rotation period of Apophis. Unfortunately, this is
significantly longer than the time Apophis is available
for Earth’s optical telescopes, since after the flyby,
Apophis will be above the local horizon at daytime.
Alternative lunar observatory: During the
Apophis-Earth flyby on April 13th 2029, the Moon will
be ideally located for photometric observations of
Apophis from the Lunar surface. The Moon will be new
(at phase zero), thus no direct Sunlight will harm the
telescopes or deteriorate the observations. The location
on the Moon where Apophis is visible (elevation cut off
of 15 degrees above the ground) for the longest time is
on the equator, around longitude 60 E, the eastern part
of Mare Fecunditatis. At this place, over 90% of
Apophis’ illuminated surface could be seen from the
Moon since April 4th, through the flyby of April 13th,
and until 6:00 of April 16th (in UT), about 56 h after the
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Fig. 2: Observing parameters vs. time: magnitude (top),
percentage of Apophis’ illuminated surface and altitude above
the horizon at 60o E on 0o (bottom). The blue line is Apophis
magnitude from the Earth. Data from JPL’s Horizons.
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Lunar telescopes: Telescopes were already used on
the Moon. Apollo 16 astronauts operated the Far
Ultraviolet Camera / Spectrograph mounted on a 75 mm
telescope and returned 178 frames of multiple targets.
Recently, China’s Chang’e 3 was equipped with a
robotic 150 mm Ultraviolet telescope that had stable
performance up to at least 18 months after the landing
[3].
Observation plan: The high brightness of Apophis
during its Earth-flyby allows the use of small-sized
telescopes, with apertures of a few tens of cm to perform
standard photometric measurements of the asteroid in
order to retrieve its modified spin parameters. Since
Apophis will not be resolved with a telescope of such
aperture, the periodic changes in its brightness as it
spins, give an exact value of its rotation period. Subsecond exposures will be sufficient to achieve a high
SNR of ~50, required for accurately calculate Apophis’
modified rotation period in a precision of ~1 minute.
Filters could be used to dim the light when Apophis is
at its brightest. The fast motion of Apophis on the sky
(~13.9 arcsec per sec at maximum) requires a mount
capable of following at such velocity while accurately
pointing the telescope at its correct location. Since the
exact changes in Apophis’ trajectory following the
Earth flyby are unknown (and will remain unknown
until it happens), the mount should be able to track
Apophis automatically in real time. Fast cameras with a
rate of tens of Hz will be enough to keep Apophis image
with a narrow Point Spread Function (PSF), with
clusters of images stacked to increase the SNR.
Additional instruments might include a spectrometer, to
search for spectral changes that might occur due to the
seismic wave vibrating the surface [4], cameras
sensitive to IR or UV light, or a telescope with a larger
aperture.
Reaching the Moon: Sending the telescope to the
Moon requires partners that wish to reach there anyhow.
For them, the Apophis Lunar telescope will be a unique
scientific incentive giving additional rational for their
high expenses. Three potential partners are mentioned
here: NASA, private space companies, and space
tourism companies. NASA declared that the Artemis
project will start landing on the Moon as early as 2024.
A few private companies where already chosen for
developing scientific payloads for these missions. An
Artemis astronaut could place the robotic telescope and
leave it on site for future robotic or remote operations.
Private companies such as Blue Origins are also
developing lunar landers for cargo deliveries to the
Moon. A client of this service can be one of the large
telescope manufacturing companies (such as Celestron
or Orion) using the Apophis telescope as an advertising
tool for a future Lunar observatory service, for
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professional and amateur astronomers alike. And
finally, if space tourism services would reach puberty
until 2029, even only at lunar orbit level (SpaceX
currently plans such a mission for 2023), they could
observe and measure Apophis after the flyby, though the
Moon will block Apophis from view about half of each
orbit, making such observations less effective.
Caveats: The exact trajectory of Apophis after the
flyby is unknown. If the trajectory will not change as
planned it might bypass the Moon from its west side,
making an east observing site less effective.
References: [1] DeMartini, J. et al. (2019) Icarus,
328, 93-103. [2] Scheeres, D.J. et al. (2005) Icarus, 178,
281-283. [3] Wang, j. et al. (2015) Ap&SS, 360, 10. [4]
Binzel, R.P. et al. (2010) Nature, 463, 331-334.
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PHYSICAL CHARACTERIZATION OF 2020 AV 2, THE FIRST KNOWN ASTEROID ORBITING INSIDE VENUS’ ORBIT. M. Popescu1, O. Vaduvescu2,3, J. de León3,4, C. de la Fuente Marcos5, R. de la Fuente
Marcos6, J. Licandro3,4, V. Pinter3, O. Zamora3,4, C. Fariña2,3, L. Curelaru7; 1Astronomical Institute of the Romanian
Academy, 5 Cuţitul de Argint, 040557 Bucharest, Romania (mpopescu@aira.astro.ro), 2Isaac Newton Group of
Telescopes (ING), Apto. 321, 38700 Santa Cruz de la Palma, Canary Islands, Spain; 3Instituto de Astrofísica de Canarias (IAC), C/Vía Láctea s/n, 38205 La Laguna, Tenerife, Spain; 4Departamento de Astrofísica, Universidad de
La Laguna, 38206 La Laguna, Tenerife, Spain; 5Universidad Complutense de Madrid, Ciudad Universitaria, E28040 Madrid, Spain; 6AEGORA Research Group, Facultad de CC. Matemáticas, Universidad Complutense de
Madrid, Spain; 7Amateur Astronomer, Brasov, Romania;
Introduction: Numerical simulations predict the
existence of a population of asteroids, which have their
orbits entirely within Venus’ orbit (Greenstreet et al.
2012). These objects that have values of the aphelion
distance in the interval (0.307, 0.718) AU are called
Vatiras. The first one, 2020 AV 2, has been discovered
by the Zwicky Transient Facility on 4 January 2020
(Bacci et al. 2020). The latest orbit determination of
this asteroid is characterized by an aphelion of 0.654
AU, a perihelion of 0.457 AU, and an orbital inclination of 16o.
In a recent paper, de la Fuente Marcos & de la
Fuente Marcos (2020) reported that 2020 AV 2 appears
to be a former Atira that entered the Vatira orbital domain about 105 yr ago. They showed that it displays an
anti-coupled oscillation of the values of eccentricity
and inclination, and that it might reach a 3:2 resonant
orbit with Venus in the future, activating the von
Zeipel–Lidov–Kozai mechanism. Similar conclusions
have been independently reached by Greenstreet
(2020).
The orbit of 2020 AV2 makes it subjected to high
temperature, strong solar wind irradiation, and close
approaches to Mercury and (more distant) Venus. All
these effects are transforming this minor body. Thus,
its properties are a peculiar case compared with those
of the near-Earth asteroids.
Observations and data reduction: We obtained
spectroscopic and photometric data by using the 2.56m
Nordic Optical Telescope (NOT) and 4.2m William
Herschel Telescope (WHT), both located at El Roque
de los Muchachos Observatory in La Palma, Canary
Islands (Spain). The observations were made in difficult conditions due to the small solar elongation angle
~37º of 2020 AV 2. Thus, the object was observed at an
altitude lower than 25 o above the local horizon, and the
data acquisition was started during the astronomical
twilight. The observations were performed on the
evenings of January 11, 13, and 14, 2020. We note that
a better observing geometry can't be achieved using
Earth-based telescopes.
Results: We obtained two visible spectra with
ACAM/WHT and with ALFOSC/NOT instruments.
The differences between them are within 1.7%,

smaller than the error bars. The near-infrared part of
the spectrum was obtained with the LIRIS/WHT instrument using the lr-zj prism. It covers the 0.9-1.5 μm
wavelength interval. In order to perform the analysis,
the visible data obtained with ACAM/WHT (selected
due to the smaller errors) was merged with the near-infrared one. The resulting spectrum is shown in Fig. 1.

Figure 1. Spectral matching for 2020 AV 2. All
spectra are The combined visible - near infrared spectrum is shown on the upper panel, normalized to unity
at 1.25 μm.. The reflectance maximum at 0.745 μm
and the band minimum at 1.075 μm are outlined by the
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two markers. The comparison with the Sa-type and the
Q-type is displayed in the lower panel.
The merged spectrum, covering a wavelength interval between 0.5-1.5 μm , shows a band minimum at
BImin = 1.075 ± .015 μm. The BImin represents a
rough approximation for the 1 μm band center (BIC),
which is one of the main spectral features used to diagnostic the surface composition of asteroids. In order to
compute the BIC, the continuum must be removed. We
obtained an estimation of this by an extrapolation
method coupled with a Monte-Carlo algorithm to estimate the error.
The value estimated for the BIC = 1.08 ± 0.020 μm
points towards a composition similar to that of the S(I)
subtype of asteroids with olivine-pyroxene mixtures,
defined by Gaffey et al. (1993). These objects exhibit a
strong 1 μm absorption feature, with a nonexistent or
negligible 2 μm feature. The large value of the BIC is
comparable only (at 2σ level) to the one shown by the
olivine rich/dominated asteroids (Sanchez et al. 2014).
Following the equations shown by Sanchez et al.
(2012), we determined the corrections due to temperature and phase angle effects. At the observing time, we
estimate the subsolar equilibrium surface temperature
as T = 350 K, and the object was observed at a phase
angle of about 95o. These factors imply a wavelength
correction ∆BIC = 0.003 μm for the band center,
which is significantly less than our uncertainty σ BIC =
0.020 μm, and can therefore be ignored. Thus, the
BIC value is consistent with that of an object with an
olivine-rich composition.
The visible spectral slope, computed over the 0.5 0.7 μm spectral interval, BRslope = 17.7 ± 0.8%/0.1μm
is intermediate between the slope of the S-complex
and A-types. This parameter provides a way to quantify the reddening effects, which can be explained by
phase angle, space-weathering, and grain size. The information currently available for this object doesn't allow disentangling these effects. Sanchez et al. (2012)
found that the olivine-rich composition shows the
largest variation of spectral slope with increasing
phase angle. However, their slopes were computed
over the entire 0.45 - 2.5 μm spectral interval. The
slope we determined for 2020 AV 2 is comparable to
those found by Perna et al. (2018) for the S-type asteroids observed at about 90o phase angle.
The taxonomic classes that best fit the spectrum of
2020 AV2 are Sa, A, and Q-type. The match was computed by using the least squared differences. The main
feature that weights the result is the broad 1 μm band.
The center of this band is most similar to those of the
Sa, and A-type. We favor a Sa type classification,
which is an intermediate class between S-complex and
A-types.

2021.pdf

The average albedo for the S-complex asteroids is
pV = 0.22 ± 0.07, (Mainzer et al. 2011). For an absolute magnitude of H=16.4 ± 0.77 mag (JPL SmallBody Database Browser, accessed on 22/02/2020), we
can constrain its equivalent diameter to 1.5 +1.1-0.6 km.
The images obtained with the J and K sfilters, during the LIRIS/WHT observations show a stellar profile
with a median full width at half maximum of 1.5 arcsec, which is equal to that of the stars.
In order to extend the data arc and improve the orbit determination, we performed a data-mining of
world-wide astronomical archives using EURONEAR
MegaPrecovery software (reference to this software).
However, we were not able to find any observations
acquired prior to its discovery.
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POTENTIAL MISSION CONCEPTS FOR CHARACTERIZING THE POTENTIALLY HAZARDOUS
NEAR-EARTH ASTEROID (99942) APOPHIS. C. A. Raymond1, J.F. Bell III 2, R.S. Park1, D. Landau1, S.R.
Chesley1, K. Reh1, P.W. Chodas1, and M. Brozovic1,1Jet Propulsion Laboratory, California Institute of Technology,
Pasadena, CA, USA (carol.a.raymond@jpl.nasa.gov), 2Arizona State University, School of Earth & Space
Exploration, Tempe, AZ, USA.
Introduction: The near-Earth asteroid (99942)
Apophis will make an extremely close pass by the Earth
on April 13, 2029, providing an unprecedented
opportunity for up-close study of a Potentially
Hazardous Asteroid (PHA). This ~350 m diameter
object will pass through the Earth-Moon system at a
closest approach altitude to our planet of less than five
Earth radii. This close flyby provides a unique
opportunity to study potential tidal distortion and/or
surface mass wasting effects on the asteroid that could
provide unique insights into its interior structure and
other physical properties. The encounter will allow
characterization of a highly-representative member of
the approximately 2,000 PHAs at a variety of mission
scales, from ground-based assets to in-situ spacecraft
observations. As such, it provides an easily accessible
target for a dry run of a rapid response characterization
of a hypothetical potential Earth impactor.
Here we summarize three main objectives of an
Apophis encounter mission for planetary science as well
as for planetary defense. These intertwined goals define
a suite of mission and payload concepts that would
characterize Apophis from orbit, as well as demonstrate
the capability to obtain information needed to inform
the design of deflection or other mitigation missions for
a real impact threat.
Background and Mission Objectives: (99942)
Apophis is an Sq-type asteroid that qualitatively
matches LL ordinary chondrite meteorites [1]. Its
spectrum is well-matched by a mixture of olivine and
pyroxene that has been space-weathered (i.e.,
reddened). The size and rough shape of Apophis has
been determined using ground-based radar, yielding an
equivalent diameter of 340±40 m [2]. From the inferred
composition and rough size, an upper bound on the mass
is obtained as 6.1 × 1010 kg, with an estimate of 2.0 ×
1010 kg if its porosity is similar to Itokawa’s (~40%) [1].
Radar observations indicate non-principal axis rotation
about the short-axis [3]. Little is known about the
internal structure of Apophis.
Mission Objective #1 is to map the geology,
composition, and mineralogy of Apophis to confirm its
taxonomic type and meteoritic analogs, and its affinity
to other small near-Earth asteroids also studied by deep
space missions, e.g., (25143) Itokawa, (101955) Bennu,
or (162173) Ryugu. This information is important to
confirm the expected grain density for comparison to

the mean density and thus to understand bulk porosity.
It also provides a basis to link Apophis to other asteroids
and meteorites in general.
Mission Objective #2 is to measure the asteroid's
mass, shape and spin state. Mass is arguably the most
important property of any PHA from a deflection or
impact mitigation standpoint.
Mission Objective #3 is to understand the asteroid's
internal structure and regolith properties. Regolith
depth, and the distribution of porosity in the interior,
provide information on the strength of the object and on
the asteroid’s origin and evolution – important intrinsic
science information, but also additional data with which
to inform deflection or other potential impact mitigation
strategies.
Flyby Missions: A flyby mission with multispectral
cameras and/or a VIS-IR spectrometer could address
MO #1. A thermal IR spectrometer could also reveal
regolith properties (grain size, roughness) to address
MO #3. A second in-tandem spacecraft could also
potentially enable the determination of mass and thus
bulk density from such a flyby to partially address MO
#2. A flyby mission would need to provide information
superior to ground-based radar, which will achieve
resolutions of down to a few meters during the asteroid's
2029 Earth flyby [4]. Flyby missions can be carried out
using traditional spacecraft chemical propulsion
systems, and several opportunities exist in advance of
the 2029 close encounter, as shown in Figure 1.

Figure 1. Examples of ballistic flyby opportunities
(launch C3 < 30 km2/s2) that would reach Apophis
before close encounter. Flyby speed in km/s.
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Rendezvous Missions: A more ambitious
rendezvous (orbital) mission could achieve all of
objectives with substantially improved accuracy, and
potentially information on internal strength, by
combining spectral measurements with gravity
mapping. Also, a rendezvous mission would allow, for
the first time, a real-time monitoring of tidally-induced
dynamic changes of a PHA before, during, and after the
extremely close approach to Earth. Rendezvous
missions enable mapping of the body at multiple phase
angles to fully determine composition and its
heterogeneity at all scales, photometric and
thermophysical properties of the regolith, the mass to
<1%, gravity field to degree 3 or 4, and rotation pole and
rate to <1%, and detailed shape to 10-cm resolution.
Such a rendezvous could be conducted either with
traditional chemical propulsion technologies, or with
novel ion propulsion systems that would provide better
mass delivery and lower overall mission complexity.
Such a rich science return as detailed above can be
realized using a small, ESPA-class solar-electric
propelled spacecraft bus with capable small
instruments. An example trajectory is shown in Figure
2. The nominal mission design would encounter
Apophis before the encounter and escort it through
closest approach. A SEP mission would allow long-term
observations beyond the encounter. A terminator orbit
at 2-3 body radii would allow determination of GM to
<1% in ~1 month of observations, while also providing
few-cm imaging resolution. Surface changes due to tidal
forces, either body distortions or landslides, could be
detected, although tidal distortion is not expected to
produce perceptible change.
The nominal payload for a rendezvous mission
would include a capable narrow-angle (multispectral)
camera, and IR and thermal IR spectrometers. A
recently-developed 2U combined short-wave infrared
and mid-infrared point spectrometer would enable
accommodating this payload suite on a small spacecraft.
Combining DSN tracking obtained using the IRIS radio
flown on MarCO with optical navigation data would
permit recovery of the gravity field and measure the
moment of inertia in the body is tumbling, as has been
reported by [3]. Finally, a low-frequency radar might be
feasible given that close proximity to the target would
reduce system mass, volume and power and allow a
detailed look at the internal structure. Demonstration of
such a capable flight system would provide an important
demonstration of capabilities needed for characterizing
any PHA, and blaze the trail to achieving a rapid
response capability.
Outlook: Detailed assessments of the expected
science and planetary defense returns from this range of
possible mission concepts must be performed soon,
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however (and optimally be included among the highest
priorities of the next National Academy of Sciences
Planetary Decadal Survey) in order to allow enough
time for the detailed development, launch, and operation
of one or more missions that can exploit this once-in-amillennium opportunity.

Figure 2. Example of a solar-electric propulsion
trajectory that would deliver of order 70 kg mass to a
rendezvous orbit around Apophis.
Acknowledgments: Part of this work is being
carried out at the Jet Propulsion Laboratory, California
Institute of Technology, under contract to NASA. The
information presented about future mission concepts is
pre-decisional and is provided for planning and
discussion purposes only. Government sponsorship
acknowledged.
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WHY WE SHOULD, AND SHOULD NOT, VISIT APOPHIS. A. S. Rivkin1 1JHU/APL (Laurel, MD, USA,
andy.rivkin@jhuapl.edu)
Introduction: The asteroid (99942) Apophis will
make a very close approach to the Earth in 2029, as is
well-known by asteroid scientists, planetary defenders,
and others. This upcoming close approach provides an
obvious impetus for considering missions to Apophis,
and an obvious urgency for making decisions. Close
approaches by objects the size of Apophis are thought
to happen infrequently—this will be the closest
recorded approach of an object this large, and we
might expect to go 1000-2000 years between such
approaches.
However, the existence of an opportunity is not by
itself sufficient reason to pursue that opportunity.
Given the limited resources typically made available
for planetary exploration by the world’s space
agencies, the infrequent cadence of mission selections,
and competing priorities of other planetary science
communities, advocates of an Apophis mission will
need to identify three things:
1.
2.
3.

What community priorities can only or best be
accomplished via an Apophis mission?
What community priorities cannot be or are
poorly accomplished via an Apophis mission?
What community priorities could but maybe
shouldn’t be accomplished via an Apophis
mission?

Agreement among advocates about these points
will naturally lead to the form and goals of an Apophis
mission, and greatly improve the chances of such a
mission taking place.
Group I: What Can Be Done: While the US
planetary science community is beginning to
reconsider its community priorities via our Decadal
Survey process, we can still identify what an Apophis
mission can most effectively accomplish, at least in
theory:
1. Detailed dynamics: The position of Apophis is of
obvious interest to scientists (and humanity), and
it spends long periods at small solar elongations
(over 93% of the period from 2000-2040 is spent
at solar elongations < 90°) and difficult to observe.
Furthermore, it is not in principal-axis rotation and
its rotation rate could change as a result of the
Earth encounter in 2029, though the degree of
change is not well understood [1,2].
A
transponder or transponder network (or
equivalent) could provide positional data both for
“space situational awareness” and also plausibly

2.

3.

could provide rotational data to improve
understanding of how NEO spins, and tumbling
asteroids, evolve.
Detailed remote sensing: Given its status as one of
the most hazardous asteroids, there may be
justification for an initial reconnaissance for
purposes of understanding it in case mitigation is
deemed necessary in the future, or merely as an
exercise to consider how an object like Apophis
might best and most safely be deflected. Such
reconnaissance would likely look a lot like the
NEAR Shoemaker, OSIRIS-REx, or Hayabusa 1
or 2 mission operations, excepting the sample
return aspect of the latter missions. Shape,
mass/density, and surface rock fraction all have
direct relevance to mitigation issues [3,4].
“Comparative asteroidology”: Apophis is roughly
the same size as Itokawa, and both have spectra
indicating similar ordinary chondritic (OC)
compositions [5-7]. The DART and Hera missions
to the Didymos system will provide in-depth
information about additional OC objects that
bracket Apophis in size. Itokawa, Didymos, and
Apophis are all potentially-hazardous asteroids
(PHAs), and comparison of their surfaces and
surface processes will be important as we try to
understand which aspects of asteroid evolution are
deterministic and which are more random.

Group II: What Can’t Be Done: In contrast, an
Apophis mission will provide no progress, or
effectively no progress, toward answering other
questions about asteroid science. For instance, Apophis
is likely to be generally volatile-poor, making Apophis
of limited interest for addressing volatile-related
questions (like those under Objective 1.3 of the Small
Bodies Assessment Group Science Goals Document:
[8]). Rather than enumerate the long list of what can’t
be done at Apophis, I merely note that compelling
Apophis mission concepts will not overreach and try to
be all things to all people.
Of particular note, however, are proposals to study
large-scale resurfacing of Apophis caused by Earth’s
gravity during the 2029 encounter. In theory, such
studies fall into the category of “what can be done”,
but the current state of the necessary instrumentation
suggests that the tidal forces experienced during the
encounter may lead to seismic signals below the
detection level of the type of payloads typically under
consideration [2,9], and that any resurfacing may be
limited in extent [10] with YORP or thermal
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degradation playing a larger role
resurfacing than tidal forces [11,12].
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Group III: What Shouldn’t Be Done: Perhaps the
most fraught category, and the one where the most care
must be taken, is that of investigations that could be
done at Apophis, but are ill-advised. A cursory
consideration of those investigations suggest they
include the following, among others:
1. Mitigation demonstrations: We must, in the spirit
of the Hippocratic Oath, first do no harm. All
evidence suggests that while Apophis is among
the most threatening known asteroids, it does not
actually cross the threshold to being dangerous in
an absolute sense. We know it will miss the Earth
in 2029, and attempting to change its orbit prior to
that safe passage would be considered in PR terms
reckless at a scale that is unprecedented in human
history. This would be true even if the proposers
could “guarantee” that the experiment wouldn't
lead to an impact. This would include missions
that carried out the gravity tractor technique, or
that incidentally carried out the gravity tractor
technique during a period of extended operations.
Given the nature of the “keyhole” resonances in
the vicinity of Apophis’ orbit, any gratuitous orbit
changes subsequent to the Earth encounter might
also cause general alarm.
2. Similarly, anything that might be thought of as
possibly changing the orbit of Apophis whether or
not it was done as a mitigation demonstration is
also a certain “non-starter” in PR terms. This
could include active seismic experiments, and
could even be seen as including surface sampling
if selecting officials and/or the public are
sufficiently skittish.
We must similarly be aware that those UN-related
entities relevant to NEO issues (the Office for Outer
Space Affairs, Committee on the Peaceful Uses of
Outer Space, Space Mission Planning Advisory Group,
etc.) may find an Apophis mission of particular
concern. Understanding the relevant legal issues and
political sensitivities ahead of time would lower the
likelihood of roadblocks to an Apophis mission.
Implications: The best-motivated Apophis
missions will draw their investigation goals from
Group I above, while not diluting their work with
items from Group II and staying far from Group III.
This seems straightforward, but mission concepts
might run afoul of these suggestions by proposing to
include elements that stray into Group III while
attempting to address Group II goals. For instance, if

the tidal forces during the 2029 encounter are
insufficiently strong to allow detections on an
Apophis-wide sensor network, there may be a
temptation to use active sources to obtain the desired
data. Similarly, it might be tempting to include a
Hayabusa-2-style impactor on a mission with a goal of
studying resurfacing by tidal forces, again just in case
those tidal forces are insufficiently strong to do the job
unaided. I would argue that in both of these cases we
are better served by visiting a completely different
asteroid and carrying out those active experiments.
Summary: The upcoming close pass of Apophis
provides an impetus for a mission. For such a mission
to be compelling, it must focus on goals that are
uniquely or best achieved at Apophis and serve to
reduce anxiety about asteroid impacts rather than
increase that anxiety.
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NON-CONTACT SEISMOLOGY ON ASTEROID 99942 APOPHIS. P. Sava1, E. Asphaug2, 1Center for Wave
Phenomena, Colorado School of Mines, Golden, CO 80401, psava@mines.edu, 2Lunar and Planetary Laboratory,
University of Arizona, Tucson AZ 85721, asphaug@lpl.arizona.edu.
stable orbital platforms – no need for shielding, or
onboard power and communication. These benefits simplify the design and execution of a seismology mission,
while providing data with broad spatial coverage capable, in principle, to image in detail the 3D interior structure of a small body like 99942 Apophis.
Laser Doppler vibrometers use the Doppler principle [4] and do not rely on sensitive mechanical components whose performance requires complex environmental shielding (e.g. thermal) as for the performant Insight seismometer [5]. The basic components of LDVs
are known and have been used in prior space missions.
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Introduction: The interior structure of small planetary bodies holds clues about their origin and evolution,
from which we can derive an understanding of solar system formation. Structure can be evaluated indirectly
from surface observations, e.g. that asteroid 25143 Itokawa is a rubble pile [1] or that comet 67P/ChuryumovGerasimenko is a primordial agglomeration of cometesimals [2]. However, these inferences are contested and
uncertain, and their implications are important. They
shape ideas about how the solar system is formed, e.g.
quiescently or violently, and how small bodies such as
near-Earth asteroids respond to collisions. Knowledge
of small body interior structure is also driven by practical considerations, for the deflection of hazardous
NEOs, and access to resources in space.
High resolution geophysical interior imaging of a
small body like 99942 Apophis could, in principle, be
done using either radar waves for dielectric properties,
or seismic waves for elastic properties. Radar investigation could be efficiently conducted from an orbiter, but
radar waves are unlikely to penetrate deep in the interior
of a rocky body. In contrast, seismic investigation could
provide information about its deep interior, but to be
cost-effective acquisition would also have to be conducted from orbit, without landers and surface contact.
Terrestrial 3D seismic imaging exploits two main
deployment opportunities: seismic instruments are
tightly coupled to the ground, and large groups of seismometers or geophones form dense acquisition antennas. Neither condition can be satisfied with conventional seismic instruments on 99942 Apophis. Technology for anchoring seismometers to its surface does not
yet exist, and the complexity of landed packages raises
the mission cost and increases its risk. Moreover, costly
landed seismometers would not be mobile and would
acquire seismic data only at a handful of locations
around the body, without sufficient density to assemble
a broad acquisition antenna.
Vibrometry: We propose [3] to eliminate the need
for surface deployment by employing laser Doppler vibrometers (LDV) that sense ground motion remotely
from the Doppler shift of a reflected laser beam. LDVs
used as seismometers have multiple advantages over
landed seismometers: (1) take measurements from orbit,
– no need for expensive landers; (2) operate without direct contact with the ground – no need for complicated
anchors; (3) have simple electronic design – no fragile
mechanical components; (4) are mobile – can sense
ground motion at multiple locations; (5) operate from

Laser
Doppler
Vibrometer

modulator

detector

Figure 1: Key components of a laser Doppler vibrometer
system: laser (red), modulator (blue), detector (green), telescope (magenta), beam splitters and mirrors (black).

The LDV operating principle is straightforward
(Figure 1): a laser beam of known wavelength is split
into reference and incident beams. The incident beam is
focused using a telescope on a distant vibrating surface
of a small body. The reflected beam (green), has a different wavelength as a result of the Doppler effect
caused by ground motion; the frequency shift is proportional with the ground velocity in the direction of the
laser beam. The reference and reflected laser beams are
combined to form a composite signal with frequency
modulated by the mismatch between their frequencies.
An onboard demodulator extracts the frequency shift,
thus allowing direct access to the ground velocity in the
direction of the laser beams. Multiple laser beams from
separated LDVs measurements provide complementary
projections of the ground velocity, which facilitate acquisition of the full ground velocity vector [3].
LDVs are commonly used in industrial applications
and instruments tuned for different operating distances
are readily available commercially off-the-shelf. For example, the Polytec RSV150 LDV (Figure 2) can sense
velocity <0.5 µm/s/√𝐻𝑧 at distances >300m; the sensor
and controller weigh ~15kg, have a combined volume
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of ~20L and use ~75W of electrical power. With plausible engineering, such instruments can be adapted to
take seismic measurements at much longer distances
(e.g. ~2km). Conversely, instruments of significantly
smaller mass/volume/power can be used to take seismic
measurements from shorter observation distances.
(a)

(b)
Figure 2: Long-range COTS LDV (www.polytec.com).

Acquisition: Many seismic acquisition configurations are possible by exploiting the mobility of orbital
LDVs that can sample ground motion at multiple surface locations. Here we discuss basic concepts defined
with respect to the distribution of sources and receivers,
although other implementation concepts are possible:
• Concept 1: multiple impacts or blasts (Figure 3a).
The s/c generates seismic sources by sending multiple impactors or generating small blasts at several
locations around the asteroid. The s/c also executes
a slow rotation around the asteroid to allow an
onboard LDV to sense ground motion at different
locations relative to the source. Pros – simple implementation. Cons – few seismic source points, i.e.
no acquisition antenna.
• Concept 2: persistent ground source (Figure 3b).
The s/c carries only one source which is delivered
to and embedded into the asteroid; this source is activated at multiple times, i.e. it is persistent, and
generates repeatable ground motion at the same location. The s/c executes a slow rotation around the
asteroid to facilitate ground motion at multiple locations on the surface. Pros – repeatable source at
known position; dense acquisition array. Cons –
single source point and complex ground coupling.
• Concept 3: natural sources only (Figure 3c).
This approach relies on native, random seismic
sources, for instance tidal activity, or the sorts of
events creating activity on asteroid 101955 Bennu
[6]. A secondary s/c separates from the main s/c;
both carry LDVs, and thus can sense ground motion
at different locations simultaneously. The s/c execute different slow orbits around the asteroid and
thus acquire ground motion at multiple combinations of points, thus enabling passive seismic imaging [7]. Pros – no active source needed; multiple
pairs of source/receiver pairs distributed at many
locations. Cons – requires natural sources.

(c)
Figure 3: Seismic acquisition concepts depicting sources
(green) and LDV receiver s/c (red & blue): (a) multiple impacts or blasts at different locations; (b) persistent ground
source at fixed location and (c) natural sources only. The receiver s/c match the asteroid speed and execute a slow rotation around the body to achieve multiple view angles.

Conclusions: Laser Doppler vibrometers (LDVs)
are advantageous over conventional seismometers because they: (1) measure ground motion from orbit; (2)
do not require landing and anchoring; (3) do not use mechanical components; (4) are mobile and can relocate
around the body; (5) operate from stable and robust orbital platforms. For small bodies observed from kilometer distances, they can enable geophysics missions that
avoids the complexity and mass of landed payloads.
They can provide sufficiently dense global seismic acquisition to allow deep interior imaging using techniques such as high resolution wavefield migration and
tomography [8,9].
Acknowledgment: This work was supported by the
NASA Planetary Instrument Concepts for the Advancement of Solar System Observations (PICASSO) program (NNH16ZDA001N).
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Introduction: On April 13, 2029 the asteroid
Apophis will make a close approach to the Earth,
coming within 6 Earth radii. This flyby offers many
opportunities for remote and in situ observations, and is
an event that will drive much planning and analysis over
the next decade. The close approach will have a
significant impact on two aspects of Apophis’ dynamic
state, its orbit and its rotation. In this paper we revisit a
detailed analysis we performed over a decade ago in
2005 that studied the range of possible spin states the
asteroid could have following its close approach flyby
[1]. In our current analysis we will take advantage of the
many observations of this object that have occurred
since that time to develop a more precise range of
predictions of what effect the flyby will have on the
Apophis spin state and any related geophysical
perturbations that may arise from it. Specifically, we
will draw from a much richer knowledge of its rotation
state that was published in 2014 [2]. In addition, recent
radar measurements have also enabled improved
understanding of its shape model [3]. The addition of
these important items greatly improves the modeling of
the effects of its closest approach to the Earth, and will
provide a realistic range of post-flyby situations that
may be expected.
Motivation: This analysis supports two important
scientific aspects. First, from these results we will be
able to predict the range of surface accelerations and
global stresses that will be placed across the body during
its closest approach. These predictions may enable for
more precise designs of any measurements that may be
performed by visiting spacecraft. Second, assuming
further improvements in its shape and spin state, the
flyby will also provide some insight into the moments
of inertia of the body based on the observed changes in
its rotation state through the flyby.
Approach: Modeling Apophis using a second
degree and order gravity field (derived from its
estimated moments of inertia) and a point mass earth,
we numerically integrate the asteroid’s coupled orbit
and attitude dynamics over four days centered on the
2029 encounter. The Apophis spin state and shape
model solutions provided by [2] and [3] are both
considered. Monte Carlo runs are used to account for
current uncertainty in the asteroid’s tumbling periods.
Conclusions: For both the solutions from [2] and
[3], Apophis’ spin state will be significantly altered due

to the 2029 encounter. The resulting evolution is very
sensitive to the asteroid’s closest approach attitude and
mass distribution. Sensitivity to the latter will aid in
refining the asteroid’s moments of inertia through pre
and post flyby tracking. Peak accelerations obtained
from the flyby simulations indicate that resurfacing and
internal distortion are unlikely. Nevertheless, if Apophis
is a contact binary, the components could potentially
shift at closest approach. This deformation may be
detectable through remote and in situ observation.
References: [1] Scheeres D. et al., (2005) Abrupt
alteration of Asteroid 2004 MN4’s spin state during its
2029 Earth flyby, Icarus, 178, 281–283. [2] Pravec P. et
al., (2014) The tumbling spin state of (99942) Apophis,
Icarus, 233, 48–60. [3] Brozović M. et al., (2018)
Goldstone and Arecibo radar observations of (99942)
Apophis in 2012–2013, Icarus, 300, 115–128.
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Stationkeeping about Apophis through its 2029 Earth Flyby. D.J. Scheeres, A. Meyer and A.B. Davis, Smead
Department of Aerospace Engineering Sciences, University of Colorado Boulder <scheeres@colorado.edu>.
Abstract: The dynamics and control of a satellite
in orbit about the asteroid Apophis through its Earth
close approach in 2029 is evaluated and investigated.
First, the feasibility of carrying out close proximity
operations about Apophis when in its heliocentric orbit
phase is evaluated and shown to be feasible. Then
three different types of close proximity motion relative
to Apophis are analyzed that will enable a spacecraft to
take observations throughout the Earth close approach.
These are maintaining a relative orbit that is somewhat
distant from Apophis, hovering along the EarthApophis line, or maintaining orbit about Apophis
through the flyby. Each of these are shown to be
feasible, albeit challenging, and some basic aspects of
these operations are noted and discussed.
Introduction: The 2029 flyby of Earth by the
asteroid (99942) Apophis will be a spectacle for all
humanity to observe. The asteroid will be close enough
to the Earth to be visible during its close approach, at
approximately 37,200 km from the center of the Earth
(under 6 Earth radii). A number of proposed missions
are in development for taking advantage of its close
Earth passage in order to measure what effects the
strong Earth tidal forces may have as it passes through
closest approach [1, 2, 3]. These concepts include
having both landed and orbital elements about this
small asteroid. Previous analyses have shown that the
surface forces and changes will be modest, even
though the rotation state will change significantly, and
thus that landed elements may be feasible [4, 5, 6].
This paper will instead consider the relative dynamics
of any co-orbiting vehicles about Apophis during its
close approach to Earth, in order to evaluate if it will
be feasible to both stay in close proximity to the
asteroid during the Earth closest approach, and what
level of control effort may be required to enable
spacecraft relative observations through the entire
close approach passage. Previous analysis has looked
at the feasibility of orbiting about Apophis [1,2],
however they have not considered the feasibility of
maintaining orbit or proximity through the closest
approach to Earth. This analysis uses the recently
measured Apophis shape and spin state based on radar
measurements [8].
This analysis will look at a number of different
approaches for maintaining proximity through the
Earth flyby. These include having a spacecraft in the
vicinity of the asteroid (but not in orbit about it), a
spacecraft in orbit about the asteroid, and a spacecraft

actively hovering in close proximity to the asteroid.
For some of the proposed scientific investigations it
will be crucial that a spacecraft in proximity observe
the asteroid throughout the entire closest approach
phase. The challenge is that the spacecraft will be
perturbed by the relative dynamics induced by the
flyby, which has a closest approach of 37,200 km and
a hyperbolic eccentricity of 4.232. Thus there may be
challenges to maintaining a useful relative orientation
to the body. By studying the effects of the flyby on
different relative orbits it will be possible to better
design any candidate mission to this body.
The talk is structured as follows. First we review
the model of Apophis, including its spin state and
shape in addition to its orbital characteristics. Next we
introduce the different approaches for maintaining
observation of Apophis before, during and after the
closes approach. We study the placement of a
spacecraft in orbit about Apophis and in a neighboring
heliocentric orbit in particular, showing that both of
these approaches are feasible. Finally, we discuss the
implications of our results and state our conclusions.
Acknowledgments: Support by a grant from the
NASA Near Earth Object Observation program is
acknowledged.
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CHARMING APOPHIS - HUMMINGBIRDsCHARM (HsC) INTERVIEW WITH APOPHIS
Dan Scheld, dscheld@nscicorp.org (N-Science Corp), Christopher Dreyer, cdreyer@mines.edu (Colorado Schoo of Mines), Dan
Durda, durda@boulder.swri.edu (Southwest Research Institute), Bill Farrand, farrand@spacescience.org (Space Science Institute),
Paul Abell, paul.a.abell@nasa.gov (NASA/JSC)

INTRODUCTION: Apophis is coming for a quick visit in our neighborhood. Clearly, a wide
range of scientific activities will be focused on this event. The possibilities are an open book, at least for the
moment. The realities will settle with time with regard to what can be accomplished at this target.We
submit our chapter to this open book for consideration.
BACKGROUND/HsC: The HUMMINGBIRDsCHARM (HsC) is developed as a system of
multiple missions to a variety of targets. The “charming” aspect of this concept is the requirement that we
send multiple vehicles to each target. A gathering of Hummingbirds is in fact called a Charm. The HsC
missions are intended to meet the clear guidance driven by the NEO/NEA communities; “Observe &
Touch” and provide this capability “Early & Often”. There are several excellent mission concepts coming
forth to meet the remote “observational” need, for example NeoCAM. The HsC missions are intended to
meet the “tactile”, “touch” component of the guidance “quartet”; OBSERVE-TOUCH-EARLY-OFTEN.
“Early” and “often” drives the need for Overwhelmingly Cost Effective (OCE) systems requiring
simplification and reduced complexity and necessitates that there need be a “many-off”, production mode
approach implemented in spacecraft design, build, and availability. HsC is highly motivated by the concept
of providing a “service” to the NEO/NEA communities. HsC enables unique opportunities at each target in
providing complete characterizations of target properties. Each “charm” includes a Touch & Go vehicle(s)
(TAGs) that “flit” in close to the target to provide up-close visual and tactile data along with an Observer/
Communications (Primary Vehicle or ObsComm), vehicle that relays both TAGs and ObsComm video
along with instrument data streams from all vehicles. The ability to “flit” and move to different locations is
important as surface properties on a given target will differ depending on location.
Modern technologies in avionics for spacecraft control, communications, and navigation permit the
Hummingbirds to be small enough that multi-spacecraft missions can be launched on the more moderatesized rockets. Since the Hummingbird vehicle designs are identical, no redundancy is implemented in their
design, thus reducing the cost of implementing that complexity.
Base HsC Mission Objectives - NEO/NEA: The HsC mission objectives were originally
established in order to meet the needs of the NEO/NEA community. The SKGs established by various
interested parties (eg, Planetary Defense, Mining, ISRU, Science) and at various meetings and workshops
(eg, SBAG & TargetNEO) were given high priority in the development of this concept. The ObserveTouch-Early-Often guidance was derived exactly from our education at these meetings and interaction with
the community and these drive our requirements approach for HsC.
1) Globally Determine Target Characteristics - Physical, GeoTech, Surface Morphologies, Provide Ground
Truth for Existing Data and Models
2) Provide Detail Visuals at Target - Imaging Over Entire Target Including Various Stand Off Distances
3) Characterize Composition and Target Processes - Uses Visual, Optical, and Tactile Systems (eg,
Hyperspectral Imager and Instrumented Hummingbird Probe, other,)
4) Surface & Internal Structure - Using a Variety of Sensors Available (eg, Lidar, BiStatic Radar, etc.)
Various instrument groupings have been suggested over time and as new innovations come along. New
ideas include HsC Darts (probe and sample collection) to electrostatic mechanisms for sample collection.
Certainly, instrument groupings similar to other Comet/Asteroid encounter missions are of interest and
there has been some standardization that has occurred.
This is the big picture concept for HsC, that is, using identical sensors and systems at multiple targets and a
variety of target types. This is the key feature of an HsC concept. Whatever the final Instrument & Probe
grouping, we send identical systems to every target. But what of Apophis, this single mission to Apophis,
and application of HsC type mission at Apopohis?
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HsC at Apophis - What Can Be Done/Where Does HsC Fit (Flit) In: A wide range of missions
are being conceived as potentials for the Apophis visit. Dan Scheeres and others have presented ideas for
mission profiles that just might work at Apophis. FlyBy and Rendezvous missions have been presented. If
the dynamics allow for a rendezvous then there is potential for an HsC primary vehicle rendezvous and
“potential” for release of multiple Hummingbirds. This would be detailed remote sensing with the ability to
explore the surface but short of sample return. The Dart mission is a contact mission as are O-Rex an
Hayabusa. Dart contact is extreme. O-Rex and Hayabusa both provided surface sample collection surface
contact. HsC at Apophis can provide a global picture, remote and tactile observations. This HsC
information, along with data from these missions will continue to fill the Observe & Touch guidance, fill
those SKG bins.
Outlook: We have some work to do as do all the concepts considering a mission to Apophis.
What is a best version, best match of HsC capabilities with our visitor? How do we best cooperate with
this target. The good news being that we have a target and moreover a target that is coming to us.
Something that has always come up in HsC discussions is the question about target. Where we going??
We’ve got a target. We get to play catcher instead of pitcher. Pitcher is harder.
Lastly, we get a great opportunity to play out “real In-Situ” characterization” scenarios at Apophis with an
eye to the future HsC missions to multiple targets. We need not create a scenario or artificial target for
demo, we’ve got the real thing.
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Strength of LL Chondrites in Laboratory Deformation Experiments with Applications to Internal Structure of
99942 Apophis C. Seltzer1*, M. Peč1, R.P. Binzel1, H.O. Ghaffari1 1Massachusetts Institute of Technology,
Department of Earth, Atmospheric, and Planetary Sciences (*cseltz@mit.edu)

Introduction: As the asteroid Apophis is perturbed by
the Earth, the asteroid’s spin is predicted to change
drastically. [1] Its shape may also change significantly
at the surface, but the resultant changes to its internal
structure have yet to be investigated. [2] As Apophis is
a high-porosity, rubble-pile asteroid, the effects of
friction and particle breakup create a number of possible
mechanical outcomes. [3] Understanding the predicted
strength and velocity structure of LL chondrites such as
Apophis is essential for distinguishing between these
potential outcomes.
Background: The strength of rubble-pile asteroids
varies greatly by scale. Breakup requires relatively low
stresses, but individual bodies within tend to be stronger
overall. [4] Previous dynamical tests on overall
cohesive strength, supported by results from Itokawa
regolith, have indicated that much of the total failure
strength of a rubble-pile asteroid is dependent on its
spin, rather the strength of than its individual
components. [4]
This work places constraints on slow,
quasistatic deformation under isostatic confining
pressures, and will be useful for identifying possible
deformation scenarios as the meteorite encounters
gravitational forces. Characterizing the acoustic
emissions coming from micro-cracking of the asteroid
material will be a crucial factor for distinguishing
seismic signals originating from cracking of intact
material from other seismic signals such as reorganization of larger blocks composing the rubble pile.
Knowledge of the body’s velocity structure at a range of
confining pressures will also aid in interpreting any
seismic signals that could be found if seismometers are
deployed on a landing mission to Apophis.
Pressures inside rubble-pile asteroids are
commonly in the Pa-kPa range, per a total regolith
cohesion model. [4] This pressure range occurs in a
microgravity environment (~10,000x lower than Earth
gravity). As such, we place low, MPa-scale confining
pressures on samples from the Kilabo meteorite, an LL6
ordinary chondrite meteorite used as an assumed
meteorite analog [5], in order to characterize failure in
LL chondrites undergoing deformation. We record
acoustic emissions and measure realtime p-wave
velocities during deformation.
Results: Stresses were applied using an axial piston
driven at a constant displacement rate resulting in a
strain rate of 5x10-5 s-1 in the sample. The peak stress
increased with increasing confining pressure, but
occurred around engineering strains of 0.03 regardless
of confining pressure. Based on a porous cap model [6],

possible C* states for closing of porosity in LL
chondrite before imposing additional deformation fall
between 100-150 MPa effective mean stress ((𝜎1 +
2𝜎3 )/3) and 200-275 MPa differential stress (𝜎1 − 𝜎3 ) .
Constraining this stress state will lead to better
understanding of compaction and further deformation in
the interior of asteroidal bodies.
The Young’s modulus (E = σ/ε) of the material also
showed an evolution with increasing confining pressure,
at about 0.7 MPa E per 1 MPa increase in Pc. These
results are specific to the quasistatic strain rate used, as
Young’s modulus is known to increase with strain rate
in chondritic materials. [7]
Acoustic emissions and pulse-probe ultrasonic
measurements were recorded during deformation,
where the amplitude of waveforms of the former shifted
in three phases: 1) Porosity decrease due to increasing
confining pressure, 2) Fracture formation due to applied
differential stress, 3) Fracture closings due to healing
and confining pressure. The relationship between the
three phases is still being studied.
There is a measurable reduction of Vp wave speeds
measured using the ultrasonic pulser after deformation,
likely due to closing of porosity as described above.
More tests are being completed to assess the impact of
confining pressure on evolving compressional and
transverse wave velocities in situ.
Implications for asteroid 99942 Apophis: By
constraining and identifying markers of cracking under
pressures within a meteoritic body, we can put forth a
metric by which to understand where that meteorite is
cracking, and when. Our measurements also provide a
velocity structure model for p-waves under a range of
pressures, essential for identifying seismic changes that
would occur during an encounter. If in situ
seismometers are placed on the surface of asteroid
99942 Apophis during a near-Earth mission, our results
will assist in decoding seismic signals as they relate to
structure, porosity, and any internal stress gradients.
Acknowledgements: Preliminary work on this topic
was funded by Massachusetts Space Grant.
References:
[1] Souchay J. et al. (2014) Astronomy & Astrophysics,
563, A24. [2] Yu Y. et al. (2014) Icarus, 242, 82–96.
[3] Britt D. and Consolmagno S.J. (2001) Icarus 152,
134–139. [4] Sánchez P. and Scheeres D. J. (2014)
Meteoritics & Planetary Science, 49, 788–811. [5]
Binzel R. P. et al. (2009) Icarus, 200, 480–485. [6]
Wong T. and Baud P. (2012) Journal of Structural
Geology, 44, 25–53. [7] Kimberley J, Ramesh KT.
(2011) Meteoritics & Planetary Science, 46, 1653–1669

Apophis T–9 Years 2020 (LPI Contrib. No. 2242)

2003.pdf

A MISSION CONCEPT FOR MEASURING CHANGES IN APOPHIS DURING EARTH ENCOUNTER.
David E. Smith1, Xiaoli Sun2, Erwan Mazarico2, Daniel R. Cremons2, Maria T. Zuber1, Gregory A. Neumann2, Sander
Goossens3,2, Michael Barker2, Dandan Mao2, James Head4, 1Massachusetts Institute of Technology, Cambridge, MA
02139, 2NASA Goddard Space Flight Center, Greenbelt, MD 20771, 3University of Maryland, Baltimore County,
Baltimore, MD 21250, 4Brown University, Providence, RI 02912, smithde@mit.edu.
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Introduction: In 2029 the asteroid 99942 Apophis
will make a close encounter with Earth and during the
encounter it will experience torques and forces that
could conceivably exceed the asteroid’s material
strength. The proposed concept describes a mission that
would observe Apophis starting almost a year before encounter, through the encounter, and would subsequently
monitor its behavior for up to several years.
The concept includes the launch of a small spacecraft to rendezvous with Apophis, deploy a simple passive tracking device on the surface and co-orbit the sun
with the asteroid for several years conducting observations of the surface, its structure and rotation. The goal
of the mission is to observe and improve understanding
of the surface and internal constitution of the asteroid,
as well as any dynamical response due to the encounter.
Science Objectives: The encounter with Earth at a
distance of < 40,000 km will produce stresses in
Apophis that are likely to disturb the surface, change its
rotation, and possibly disrupt Apophis [1]. The science
objectives address each of these possibilities in order to
understand the physical processes involved and to inform on the future close encounters that could affect
planet Earth: (1) determine the behavior of the asteroid
as it approaches Earth encounter; (2) determine its structure and integrity during the encounter; (3) measure any
dynamical changes as result of the encounter; (4) assess
the overall long-term effect of the encounter with Earth
on Apophis’ orbit around the sun.
Science Measurements: (1) high-resolution imaging of the surface; (2) shape, topography and gravity;
(3) structural properties and integrity of the body; (4)
rotation and dynamics; (5) surface temperature; (6) detection of any outgassing; (7) measurement of Yarkovsky effect and other small forces; (8) determination of
the evolution of Apophis’ heliocentric orbit.
Baseline Mission Scenario: The proposed mission
would launch in 2026, cruise for ~20 months and rendezvous with Apophis, conduct a preliminary optical,
altimetry and gravity survey from a range of ~1.2 km
for 2 months, descend to an altitude of ~500 meters for
1 month to obtain a detailed survey, deploy retro-reflector arrays to the surface, monitor the behavior and dynamical motion of the asteroid through the encounter in
April 2029, follow and monitor Apophis from a standoff location for the next several years.
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Figure 1. Swath mapping lidar for small bodies.
Science Instruments: The minimum instrument
complement would include (1) an advanced small swath
mapping lidar/ranger with fiber lasers, and PN code
modulation for shape and structure assessment (Fig. 1);
(2) a color imaging system able to characterize the surface morphology, detect any surface change, and for
navigation; (3) a long-wavelength (thermal) infrared bolometer for characterizing surface temperature and aid
in determining non-gravitational forces; (4) a set of
small laser reflector arrays to be deployed to the surface
for monitoring of Apophis’ position and rotation (Fig.
2); and an X-band gravity investigation using the communication system.
The nominal design for the reflector arrays (Fig. 2)
to be deployed to Apophis is a 5-cm-diameter dome
containing eight 1.27-cm diameter corner cube retroreflectors mounted on the dome shaped structure, with
a total mass of 20 g. The complexity of the rotation of a
tumbling Apophis suggests the deployment would be by
spacecraft ejection and capture by Apophis for random
deployment on the surface. The arrays will be detectable
by a laser of the LOLA class from a distance of several
hundred km.

Figure 2. Small laser reflector array and concept for
distribution of several arrays on the surface of Apophis.
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The microwave tracking of the spacecraft would be
at X-band with a nominal precision of 0.1 mm/s (1s) at
10 sec rate. The tracking of the Apophis and its dynamical motion would be by laser ranging from the spacecraft with the laser altimeter/ranger. Primary downlink
would be the X-band microwave link.
Summary and Conclusion: The close approach of
Apophis to Earth provides a unique opportunity to observe the behavior of the asteroid under the extreme
forces that occur during the close approach and include
the possible breakup of Apophis. This is a once-in-alifetime opportunity and we need to maximize our understanding of the process of encounter and optimize
our understanding of how to protect Earth from similar
events.
References: DeMartini J.V. et al. (2019) Icarus 328,
doi: 10.1016/j.icarus.2019.03.015.
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THERMOPHYSICAL MODELING OF 99942 APOPHIS: ESTIMATIONS OF SURFACE TEMPERATURE
DURING THE APRIL 2029 CLOSE APPROACH. K. C. Sorli1 and P. O. Hayne1, 1Laboratory for Atmospheric
and Space Physics – University of Colorado Boulder, CO 80303 (Kya.Sorli@Colorado.edu)
Introduction: The April 13, 2029 close approach
of the ~350-meter asteroid 99942 Apophis offers an
unprecedented opportunity to observe a large near-Earth
asteroid in detail with ground-based observatories. As
one of the best-studied hazardous objects, with
additional near-miss flybys in coming decades, it is
crucial to planetary defense to understand its properties
and potential perturbations to its orbit.
Apophis has been the subject of extensive study, and
will continue to be so for years to come. This existing
knowledge and the promise of new data makes it an
excellent candidate for modeling subject to
observational constraints. The 2029 close approach will
have a sizable amplifying effect on Apophis’ orbital
uncertainty, so small dynamical perturbations will be
required to understand both the conditions of the 2029
near miss and how these perturbations may affect future
possibilities of impact [1]. Several of these
perturbations are tied to thermal effects, potentially also
influenced by radiative forcing from Earth itself (i.e.,
“earthshine”).
We utilize a thermophysical model to calculate
temperatures of the surface and near subsurface of
Apophis in the year leading up to the close approach.
We generate temperature maps of the surface at this
time, and use the data to calculate possible temperature
ranges, extremes and diurnal temperature amplitudes.
Also included in our model is the exchange of radiation
between Earth (spanning an angular size of ~20° at
closest approach) and the asteroid in both the visible and
infrared, which may contribute substantially to the
surface energy budget. We propose the use of groundbased observatories to take thermal infrared
measurements during the close encounter in order to
validate our models and refine them for use on future
close approaches and other potentially hazardous small
bodies.
Refined understanding of the temperature
distribution across Apophis’s surface is critical to
understanding the magnitude of certain dynamical
effects, including the Yarkovsky effect.
Data and Methods: For modeling, we use the shape
model generated from the data from Pravec et al. (2014)
[2]. We also use a spin period of 30.56 hours and an
obliquity of 165° [2]. Thermal inertia has been reported
between 250 – 800 J m−2 K−1 s−1/2, with a best estimate
at 600 J m−2 K−1 s−1/2 [3].
We use a 3-d thermophysical model developed for
the Janus mission to binary asteroid systems [4] for the

purposes of calculating temperatures and thermal IR
fluxes. Our predictions for surface temperatures and
dynamical effects will be directly testable during the
Janus mission, with an anticipated launch date of 2022.
Though the model was constructed with the intent of
categorizing binary thermal and dynamical behaviors,
including binary YORP [5][6], it is easily adaptable to
solitary asteroids.
This model begins by coupling a 1-d thermophysical
model [7] to a 3-d shape model and computing facet-byfacet temperatures of the surface and near subsurface
during the time period of Apophis’s 2029 close
approach. To calculate temperatures, the model is given
information about the incoming solar flux on each facet
as a function of solar distance and is set to equilibrate
for 1 year to allow for subsurface temperature settling.
The thermophysical model is sensitive to changes in
factors like obliquity, thermal inertia and albedo, so as
new observations occur, especially during the
November 2020 to spring/summer 2021 window [8], we
expect improvements in the model.
Results: Figure 1 demonstrates the resulting
temperature maps from running the thermal model with
the aforementioned thermal inertia range during the
April 2029 close approach. For the ‘best estimate’
thermal inertia of 600 J m−2 K−1 s−1/2, we calculate the
temperature range over the whole body to be ~140 K to
360 K, with a median diurnal amplitude of ~110 K at
the equator. For the extremes, a lower-bound thermal
inertia of 250 J m−2 K−1 s−1/2 yields a temperature range
over the whole body of ~120 K to 380 K, with a median
equatorial diurnal range of ~170 K at the equator. The
upper-bound thermal inertia of 800 yields a whole-body
temperature range of ~140 K to 350 K, with a median
equatorial amplitude of ~90 K.
Discussion and Proposed Observations: As
expected, increasing thermal inertias has a dampening
effect on the surface temperatures, mitigating the
extremes and decreases the diurnal amplitude. The
predicted temperature ranges for Apophis indicate it
should be possible to measure thermal IR lightcurves
using standard instruments with ground-based
observatories. Further data collection and model
development will allow us to refine our temperature
measurements and use them to constrain the magnitude
of effects like Yarkovsky and YORP. The Yarkovsky
effect for Apophis has already been studied by
Vokrouhlický et al. (2015). In particular, we plan to
include the as-yet unstudied effects of earthshine and
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emitted IR radiation on the asteroid, which may affect
surface temperatures and resulting dynamical effects.
Though we plan to study these dynamical
consequences, the primary focus is on refining and
testing our thermophysical model using data and
observations from the 2029 close approach. This will
enable more accurate predictions for not only Apophis,
but other hazardous asteroids.
We will consider the possibility of ground-based
infrared observations of Apophis at the time of and in
the time preceding the 2029 near-miss. Possible options
for these observations could include using the midinfrared capabilities of the Sofia Aircraft Observatory or
the United States Air Force Advanced Electro-Optical
System (AEOS) telescope, which has the capabilities to
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track fast moving low-Earth satellites. Future work
could include sensitivity estimates and simulations of
ground-based observational data based on our model
calculations.
References: [1] Vokrouhlický, David, et al. (2015)
Icarus 252, 277-283. [2] Pravec, P., et al.
(2014) Icarus 233, 48-60. [3] Müller, T. G., et al.
(2014), Astronomy & Astrophysics 566, A22. [4]
Scheeres, D. J. et al. (2020), LPI, (2326), 1965. [5] Ćuk,
M., and J. A. Burns (2005), Icarus 176.2, 418-431. [6]
McMahon, J., and D. J. Scheeres. (2010), Celestial
Mechanics and Dynamical Astronomy 106.3, 261-300.
[7] Hayne, P. O. et al. (2017). Journal of Geophysical
Research: Planets, 122(12), 2371-2400. [8] Farnocchia,
Davide, et al. (2013), Icarus 224.1, 192-200.

(a) Thermal Inertia: 250 J m−2 K−1 s−1/2

(b) Thermal Inertia: 600 J m−2 K−1 s−1/2

(c) Thermal Inertia: 800 J m−2 K−1 s−1/2

Figure 1: Diurnal temperature maps of 99942 Apophis at time of 2029 close pass using three different thermal
inertias [3]. All colorbars on the right range from 120 K to 380 K. (a) With a thermal inertia of 250 J m−2 K−1 s−1/2,
the approximate temperature range is ~120 to 380 K. (b) With a thermal inertia of 600 J m−2 K−1 s−1/2, the
approximate temperature range is ~140 to 360 K. (c) A thermal inertia of 800 J m−2 K−1 s−1/2 yields a temperature
range of ~140 to 350 K.
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Detection of Yarkovsky Acceleration of (99942) Apophis. D. J. Tholen1 and D. Farnocchia2, 1Institute for Astronomy, University of Hawaii, 2680 Woodlawn Drive, Honolulu, HI 96822, tholen@ifa.hawaii.edu, 2Jet Propulsion
Laboratory, 4800 Oak Grove Drive, Pasadena, CA 91109, davide.farnocchia@jpl.nasa.gov.
Introduction: We acquired new observations of
the potentially hazardous asteroid (99942) Apophis
with the Subaru telescope on three nights in January
and one night in March of this year. The asteroid was
in the 19th to 20th magnitude range and high in the sky
during evening twilight, which enabled us to take short
exposures that minimized trailing of the reference stars,
while also being filtered to minimize chromatic effects
on the astrometry. The signal-to-noise ratios are high
enough to produce positions with formal uncertainties
of less than 10 milliarcseconds, and the orbit solution
residuals are consistent with this level of noise in the
data. After combining these new observations with
radar tracking data and older observations that have
been remeasured with respect to the Gaia DR2 catalog,
we now see a clear detection of the Yarkovsky acceleration on this asteroid corresponding to a semimajor
axis drift of about -170 meters per year. This detection
is significant at the many sigma level (the actual value
depending on just how strongly the new data are
weighted) and consistent with the value expected from
the size and rotational model of the asteroid [1]. These
new results will enable better computations of the impact probability for this asteroid in 2068.
Acknowledgments: This work was supported by
NASA grant NNX13AI64G.
References: [1] Vokrouchlicky, D. et al. (2015)
Icarus, 252, 277-283.
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BISTATIC ARECIBO PLANETARY RADAR OBSERVATIONS OF 99942 APOPHIS. A. K. Virkki1 and F.
C. F. Venditti1, D. C. Hickson1, P. Perillat1 S. E. Marshall1, P. A. Taylor2, A. Herique3, 1Arecibo Observatory,
University of Central Florida/Yang Enterprises, Inc., HC-3 Box 53995, Arecibo, 00612, Puerto Rico
(avirkki@naic.edu), 2Lunar and Planetary Institute, Universities Space Research Association, Houston, TX-77058,
USA, 3Univ. Grenoble Alpes, CNRS, CNES, IPAG, 38000 Grenoble, France.
Introduction: Planetary radar observations provide
a strong tool to characterize the orbital and physical
properties of near-Earth objects. The close approach of
99942 Apophis in April 2029 will provide one of the
best opportunities for planetary radar observations of
any near-Earth asteroid due to its proximity to the
Earth. We will present how Arecibo Observatory
planetary radar program can contribute in the
observation efforts of 99942 Apophis using monostatic
(Arecibo only) versus bistatic radar observations (one
radar telescope or a spacecraft transmitting, other radio
telescopes or a spacecraft receiving). Arecibo
Observatory hosts the world’s most powerful S-band
(2380 MHz, 12.6 cm) radar transmitter with up to ~900
kW of output power, a pulsed P-band (430 MHz, 70
cm) radar transmitter with up to ~100 kW of effective
output power (based on the duty cycle of a pulsed
transmission), and a high-frequency (HF; 8.175 MHz,
37 m) heating facility transmitter with up to ~500 kW
of output power. Monostatic Arecibo radar
observations maximize the antenna gain, whereas the
benefit of bistatic observations is the longer continuous
integration time, which can provide a finer frequency
resolution, and in some cases the possibility to observe
different scattering angles.
2021 Apparition: 99942 Apophis will be in the
Arecibo Observatory’s 305-m radio telescope’s fieldof-view in March and April 2021, the best observation
days lasting from March 17th to March 22nd. Apophis
will pass the Earth at the closest distance since January
2013, when the close-approach distance was 0.0967 au
opposed to 0.113 au in 2021. During this apparition
only monostatic observations are expected, but also
bistatic observations with Arecibo transmitting and
Green Bank Telescope (GBT), Goldstone Solar System
Radar (GSSR), or smaller telescopes forming part of
the Very Long Baseline Array (VLBA), receiving the
echo are possible. This apparition should be able to
provide coarse-resolution images similar to those
observed in 2013 [1].
2029 Apparition: In April 2029, Apophis will pass
the Earth at a distance as close as 0.00025 au on April
13th. It will enter Arecibo’s field of view on April 14th
and remain observable for several weeks. Due to the
transmit-to-receive switch time of 6-7 seconds,
monostatic observations will not be possible until April
16th. April 14th and 15th would be optimal for bistatic

radar observations, when the asteroid is less than 3
lunar distances away. At a declination of 18-20 degrees
during April 14th-15th Apophis will be in the fields of
view of the GBT, GSSR, and several smaller
telescopes that can be used for VLBA observations
(e.g., radar speckle measurements). Also, some
European telescopes, such as the 70-meter DSS-63 of
Madrid Deep Space Communications Complex could
receive bistatic echoes at S band. GSSR transmitting at
C band (7190 MHz, 4.2 cm, up to 80 kW) with
Arecibo receiving could provide better range
resolution than vice versa.
Bistatic
Arecibo-to-Spacecraft
Radar
Observations: Spacecraft radar systems can provide a
tool for asteroid tomography that is the only way for
direct observations of the internal structure of
asteroids. Asteroid tomography has not so far been
tested in practice between spacecrafts and groundbased telescopes, but the close-approach of Apophis
could provide an opportunity for such an experiment.
Numerical modeling gives promising results for
tomographic observations revealing boulders inside
asteroids [2]. Arecibo has provided support for the
Lunar Reconnaissance Orbiter’s Mini-RF instrument
since 2011 when the spacecraft’s own radar transmitter
failed. A similar concept could be used to observe
99942 Apophis with a spacecraft equipped with an
appropriate radio receiver either orbiting Apophis or a
lander on its surface during the asteroid’s close
approach. In the presentation, we will present a
mission concept study discussing which distance and
other constraints should be considered if such
spacecraft was launched to obtain tomography and
other radio/radar measurements of Apophis, either
from Apophis’ orbit or by a lander on the surface of
Apophis. The concept could be of interest for other
close-passing targets as well.
The radar equation for received echo power is:
𝑃%# G"# G%# 𝜆( σ
𝑃"# =
(4π). (𝑑%# 𝑑"# )(
where 𝑃%# is the transmitted power, G"# and G%# are the
antenna gains of the transmitter and the receiver, 𝜆 is
the wavelength of the transmitted wave, 𝜎 is the radar
cross section of the target, and 𝑑%# and 𝑑"# are the
distance of the transmitter and the receiver from the
target. It should be noted that the radar cross section
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depends on the wavelength so that when using longer
wavelengths, the echo includes more volumescattering contribution than when using, e.g., S band.
The antenna gain G can also be written out as a
function of the effective antenna area, 𝐴233 : 𝐺 =
4𝜋𝐴233 /𝜆( . For the spacecraft, we use G"# = 3 dB,
and the values for the transmitters are listed in Table 1.
The noise power is defined as 𝑃8 = 𝑘: 𝑇<=< 𝐵, where 𝑘:
is the Boltzmann constant (1.38 ∗ 10D(. J/K), 𝑇<=< is
the system temperature (i.e., 25-65 K for monostatic
measurements, but including the sky and receiver
temperatures and other system losses in our
calculations), and 𝐵 is the bandwidth of the signal.
The listed bandwidths in Table 1 apply for coded
signal. For a continuous wave, the bandwidth depends
on the asteroid diameter (D), sub-radar latitude (𝛿" ),
the spin period (P) and the wavelength so that 𝐵 =
4𝜋𝐷 cos 𝛿" /(𝑃𝜆) = 0.4 Hz using 2380-MHz
transmitter [1] and 0.0014 Hz using 8.175 MHz.
Using these equations, we can derive the signal-tonoise ratio (SNR) as 𝑃"# /𝑃8 .
Table 1. Radar transmitter parameters at Arecibo
(Tsys includes sky and receiver temperatures).
Frequency (MHz)
8.175
430
2380
Wavelength (m)
Power (kW)
Gain (dB)
Tsys (K)
Beamwidth (deg)
Bandwidth (MHz)

37

0.7

0.126

500
25
106
8.5
0.05

100
61
300
0.18
0.01-0.5

900
73
300
0.033
0.1-20

The link budget per 1 second of integration for a
direct path without Apophis is (without system losses)
𝑃%# G"# G%# 𝜆(
SNR NOPQ =
(4π)( (𝑑%# +𝑑"# )( 𝑘: 𝑇<=< 𝐵
The SNR for a pure reflection from Apophis:
𝑃%# G"# G%# 𝜆( 𝜎
SNR S =
.
(4π) (𝑑%# 𝑑"# )( 𝑘: 𝑇<=< 𝐵
and for a refracted (transmitted) signal:
𝑃%# G"# G%# 𝜆( (1 − |𝑅X |( )10DYZ
SNR T =
(4π)( (𝑑%# + 𝑑"# )( 𝑘: 𝑇<=< 𝐵
where 𝜎 = 0.02 km2 at S band [1], 𝑅X is the Fresnel
reflectivity (derivable from the radar albedo of ~0.19
[1]), and the attenuation function of the signal power is
defined as 𝛼 = 0.091𝑓√𝜀′ tan 𝛿 [3], which gives
attenuation of 0.0045 dB/m, 0.26 dB/m, and 1.45 dB/m
for 8.175 MHz, 430 MHz, and 2380 MHz, when the
real part of the electric permittivity 𝜀 e = 5 and the loss
tangent tan 𝛿 = 0.003 (as reported by Heggy et al. [4]
for ordinary chondrites at 90 MHz).

Using the values presented above, the link budget
for the direct path at one lunar distance (400,000 km)
without reflection or transmission is 119 dB (CW) or
43.9 dB (B = 0.05 MHz) using 8.175-MHz transmitter,
63.7 dB (B = 0.5 MHz) using 430 MHz, and 131 dB
(CW) or 54.3 dB (B = 20 MHz) using 2380 MHz.
Increasing integration time (𝜏h8% ) increases the
received power as i𝜏h8% 𝐵. For the 8.175 MHz
transmitter, the maximum tracking time is less than 30
min because the transmitter cannot track, whereas 430
MHz and 2380 MHz transmitters can track the asteroid
up to 2.6 hours. Reflected and refracted (transmitted)
SNR estimates will be presented for different
observation scenarios. Space-based transmitters are
discussed in the presentation of A. Herique in more
detail.
Conclusions: Although longer wavelengths, or
frequencies less than 100 MHz are crucial for a
detectable transmission through an asteroid of tens or
hundreds of meters across [2], the high sky
temperatures and ionospheric plasma frequency
greater than 8.2 MHz in the case of the HF transmitter
can pose problems for a sufficient energy density
reaching the target. Also, spacecraft radar transmitters
tend to utilize higher frequencies. For example,
CONSERT radar instrument [5] designed for ESA’s
Rosetta mission used a bistatic low-frequency radar
transmitting at 90 MHz, whereas ESA’s AIM mission
was planned to include a similar low-frequency radar
but transmitting at a frequency 50-70 MHz with up to
12 W of transmit power [6]. Also, Europa Clipper’s
REASON instrument will use a 60-MHz transmitter.
Installment of a 60-MHz receiver or radar system at
Arecibo would be crucial to assist in tomography
measurements with signals transmitted from
spacecrafts.
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Introduction: Since the Potentially Hazardous
Asteroid Apophis will have a close approach to the
Earth in 2029, it will be an extraordinary opportunity
to acquire deeper knowledge on such kind of minor
body. Beyond ground based observations, space
missions could greatly benefit from this close passage.
Naturally, all previous knowledge about Apophis might
help in the planning of such observations and missions.
In the current work we explore two major aspects of
this problem: one concerns the surface characteristics
of Apophis taking into account its known shape model,
while the other is focused on the dynamical
environment nearby it.
Surface Characteristics: Apophis is a highly
irregular shaped body with an equivalent radius of
about 340 metres (Figure 1).

Figure 1. Geometric altitude of Apophis. The color code
indicates the altitude value from the “sea level” (black),
which is the smallest distance from the surface to the
geometric centre of the body.

We considered the irregular shape model as a
uniform density polyhedra [1], with a bulk density that
might have the significantly different values of 1.29 g
cm⁻³, 2.2 g cm⁻³, 3.2 g cm⁻³, and 3.5 g cm⁻³ [1,2,3],
and a rotational period of 27.38 h [4,5].
We analysed geometric quantities such as the
geometric altitude, and the tilt angle, as well as the

physics related to the geopotential as the geopotential,
the accelerations, the slope angle and others.
Nearby Dynamics: To explore the dynamical
nearby environment, we computed the zero-velocity
curves, the equilibrium points, and also their
topological classification. Table 1 gives the location
and linear stability classification for density value of
2.2 g.cm-3. In both cases four equilibrium points were
found, being two stable (S:centre-centre-centre) and
two unstable (U:saddle-centre-centre).
Table 1. Location and linear stability of the equilibrium
points around Apophis. The results are for density 2.2 g.cm-3.

Point

x (m)

y (m)

z (m)

Linear
Stability

E1

910.3

-13.5

-1.0

U

E2

-38.7

-900.8

0.4

S

E3

-911.0

-7.9

-1.1

U

E4

-41.5

900.7

0.5

S

Additionally, we performed several sets of
numerical simulations of particles around Apophis
taking into account the solar radiation pressure with
the goal of identifying stable regions that might have
small debris.
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POSSIBLE IMPACTS OF THE ASTEROID (99942) APOPHIS. Ireneusz Wlodarczyk, Chorzow Astronomical
Observatory, e-mail: astrobit@ka.onet.pl.
Introduction: We present computations of updated
possible collisions of the asteroid (99942) Apophis with
the Earth based on its all published observations. Earlier, in [1] we presented the current state of calculations
of possible collisions for all the so-called Special NEAs.
Computation method: We based the computation on
the published observations and the starting orbit from
the
NEDyS
on
August
8,
2020
(https://newton.spacedys.com/neodys/index.php?pc=1.1.
0&n=99942), i.e. based on 4523 optical observations
and 46 radar over interval: 2004 03 15.10789 - 2020 06
08.18194 (https://minorplanetcenter.net/iau//mpc.html).
To compute the possible collisions of Apophis with the
Earth, we used the publicly available Orb-Fit v. 5.0.5
and 5.0.6 software. Both versions can compute orbits
and search for possible impacts with the Earth using
dynamical parameters connected to the non-gravitational
perturbations. In the case of Apophis, we used the nongravitational parameter A2. Using OrbFit v.5.0.5, we
used the error model 'fcct14' described in [2] and in [3].
In v5.0.6, we used the error model 'vftc17' according to
[4].
To compute possible Apophis collisions with the Earth,
we integrated the equation of motions until
JD2490600.0 TDT. We used the parameter σ_LOV = 5
and calculated 2401 clones (VAs). We used the JPL
DE431 Solar System model along with an additional 17
massive asteroids as described in [5] and in [6].
We used the selection and weighting of observations
according to the NEODyS site given above.
Results of computation:
No. of observations:
Error models: fcct14
vftc17
total = 4569
4569
selected = 4537
4565
rejected = 0
0
recovered = 0
0
Table 1. Keplerian elements, epoch JD2459000.0 TDT
----------------------------------------------------------------Error models: fcct14/vftc17
RMS=0.32641”/0.27922”
a=(0.9225707138 +/ 1.43E-08 ) au
(0.9225707320 +/- 1.17E-08) au
e=0.19147473524 +/- 6.19E-09
0.19147472916 +/- 5.86E-09
i=(3.336855182 +/- 3.48E-07) deg
(3.336855201 +/- 4.28E-07) deg
Ω=(204.0484016 +/- 2.17E-05) deg
(204.0483880 +/- 2.72E-05) deg

ω=(126.6869505 +/- 2.12E-05) deg

(126.6869644 +/- 2.65E-05) deg
M=(248.1483255 +/- 4.73E-05) deg
(248.1482643 +/- 3.89E-05) deg
A2=(5.0944 +/-2.7166)E-14 au/d^2
(1.6430 +/- 2.2294)E-14 au/d^2
where a denotes semimajor axis, e – eccentricity, i –
inclination, Ω - longitude of ascending node, ω - the
argument of perihelion, M - mean anomaly, and A2 non-gravitational transverse acceleration parameter.
Table 2. Close approach with the Earth in 2029
------------------------------------------------------------error model date
distance
[au]
[km]
fcct14 2029/04/13.90704 0.0002525 37800
vftc17 2029/04/13.90712 0.0002550 38000
Table 2. Impact risk table for fcct14 error model
------------------------------------------------------------σ_LOV p_RE
Exp. En. PS
date
YYYY/MM
MT
-------------------------------------------------------------2036/04/13.371 -3.285 3.71E-06 2.81E-03 -2.80
2042/04/13.715 -3.329 9.55E-09 7.25E-06 -5.53
2044/04/13.295 -3.217 7.63E-09 5.79E-06 -5.67
2053/04/12.915 -3.236 2.18E-08 1.65E-05 -5.35
2062/04/13.372 -3.237 6.08E-10 4.61E-07 -7.01
2068/04/12.634 1.111 8.03E-07 6.09E-04 -3.95
*2069/10/15.596 3.614 4.27E-10 3.24E-07 -7.24
*2069/10/15.972 4.030 5.23E-10 3.97E-07 -7.15
2075/04/13.327 -3.088 2.27E-09 1.72E-06 -6.56
2076/04/12.696 1.129 1.71E-07 1.29E-04 -4.69
where σ_LOV denotes the position along the line of
variation, LOV, in the σ space and values
of σ are here in the interval [-5,5],
Table 2 presents also probability of Earth impact (p_RE)
and Palermo Scale (PS). PS is the new
hazard scale [7] . Expected energy (Exp. En.) denotes
impact energy multiplied by impact probability. Units
are in megatons MT (1 MT=4.184E15 J).
Also, we found that 749 VAs from all 2401 computed
VAs has nongraviational parameter A2>0 au/d^2. They
have a possible collision with the Earth only in 2069 as
is marked by a star in Table 2.
We have not detected any possible impacts using the
‘vftc17’ error model and the OrbFit v. 5.0.6. Also using
the different sampling methods of the LOV: LOV1 –
with constant step in σ, and LOV2 – with constant step
in the impact probability, IP [8], [9].
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ORIGIN OF 1I/‘OUMUAMUA: A TIDAL DISRUPTION FRAGMENT. Y. Zhang1, 1Université Côte d’Azur,
Observatoire de la Côte d’Azur, CNRS, Laboratoire Lagrange, CS 34229, 06304 Nice Cedex 4, France,
yun.zhang@oca.eu.
Introduction: ‘Oumuamua (1I/2017 U1) was the
first macroscopic object observed to traverse the inner
Solar System on an unbound hyperbolic orbit [1]. It
has an unusually elongated shape with a short-to-long
axis ratio < 1:6 and is experiencing rotational tumbling
and showed no evidence of cometary activity, while its
optical colors are similar to those of cometary nuclei,
and non-gravitational acceleration probably due to
outgassing was detected in its motion [2]. Its
discovery, despite its low detection probability, implies
a vast population (~ 3.5 × 10!" − 2 × 10!# pc $" ) of
similar-size interstellar objects (ISOs) with rocky
surface [3]. These extraordinary properties pose
challenges to any scenario which attributes their origin
to 1) scattering by gas giant planets, 2) liberation of
comets by stellar encounters, or 3) non adiabatic loss
during their host stars’ post main sequence evolution
[4]. While the hypothesis of tidal disruption followed
by ejection remains an option [5, 6], its viability in
producing the predicted amount of asteroidal ISOs is
uncertain and the causes for ‘Oumuamua’s extreme
shape, surface composition, tumbling motion, remain
enigmatic [2].
Based on a series of numerical simulations, we
show that ISOs with all ‘Oumuamua’s characteristics
can be prolifically formed and readily ejected through
the tidal disruption of their volatile-rich parent bodies
induced by their common, low-mass, main-sequence
host stars.
Methodology: We use a high-efficiency SSDEM
code, pkdgrav, to investigate the dynamical behaviors
of self-gravitating rubble piles during close stellar
encounters [7, 8]. A soft-sphere discrete element model
including four dissipation/friction components in the
normal, tangential, rolling, and twisting directions is
applied for computing particle contact forces [9, 10].
These quantities determine the magnitude of the
material shear strength.
Simulation setup: Similar to most small bodies in
the Solar System, ‘Oumuamua and its parent body are
likely to be rubble piles. We physically simulate the
disintegration of self-gravitating rubble piles that
approach a half-solar-mass star on a parabolic orbit
with various perihelion distances. The rubble-pile
object is modeled as a spherical granular assembly
consisting of ~20,000 particles with a –3-index powerlaw particle size distribution. The initial bulk density is
set to 2 g/cc and radius to 100 m. As the tidal failure

limiting distance dlimit is proportional to the bulk
density ρo of the object and the stellar bulk density ρ
and size R as dlimit ∝ 𝑅(𝜌/𝜌% )!/" , the simulation results
can be scaled to different rubble-pile bodies and star
types.
Results: The simulation results show that, as
approaching the host star, the parent body is spun up,
heavily distorted and then disrupted by the stellar tides,
during which numerous fragments are produced. In
general, larger fragments have more extreme axis
ratios (~1:5) and longer rotation periods. All the
fragments are not principle-axis rotators (especially for
the small ones), and the damping time scale is usually
longer than 5 Gyr. The orbital-energy increment for
some fragments is adequate for them to escape from
the gravitational potential of their host star plus
additional, if any, Jupiter-like planets.
The structural stability and dynamical behaviors of
a rubble pile in response to a certain external effect
mainly depend on the material shear and cohesive
strengths. Our numerical experiments show that
extremely elongated fragments with axis ratios of 1:4
can be produced even using a material friction angle as
low as 27 degrees. This result implies that the
production of elongated fragments through the tidal
disruption process is robust.
Furthermore, the thermal analyses of the encounter
process show that the material cohesive strength of the
parent body and the fragments could be changed by the
thermal effect during their perihelion passage. In the
proximity of the original host star, their exposed
surface is briefly heated by the intense stellar radiation
to temperature above the melting point of silicates, and
the solidification of their surface facilitates the
formation of sintering bonds between surface particles.
The enhanced cohesive strength inhibits subsequent
break-apart and enables the formation and survival of
some very elongated fragments. The phase-transition
simulations show that the tidal encounter under such
circumstances can produce fragments with axis ratios <
0.1, providing a possible formation scenario for the
reported shape of ‘Oumuamua.
The intensive heating of the host star also causes
excessive volatile loss of the parent body and the
resulting fragments. Our thermal analyses show that,
temperature reaches 28 K (i.e., CO’s sublimation
temperature) at a depth of 3 m. So, a large fraction of
volatiles in an ‘Oumuamua-size body can be
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sublimated, leading to a desiccated crust. This provides
an explanation to account for ‘Oumuamua’s
spectroscopic properties. However, volatiles of high
sublimation temperatures, such as H2O, buried at tens
of centimeters subsurface remain condensed.
Vaporization of this additional inventory of volatiles
during its recent passage through the inner Solar
System may lead to the reported non-gravitational
acceleration.
Conclusions: In our attempt to address plausible
causes of all aspects of the ‘Oumuamua conundrum,
we construct a scenario which focus on conventional
physical processes. This formation mechanism also
highlights the high occurrence rate of tidal encounter
processes around stars. Studying and monitoring the
close approach of Apophis with the Earth would be
largely beneficial for understanding similar dynamical
processes in other planetary systems.
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