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APOPHIS

Discovery

Roy A. Tucker,
. _ David J. Tholen,
Discovered by: Fabrizio
Bernardi
Discovery date: June 19, 2004

Orbital characteristics
Aphelion distance: 1.099 AU
Perihelion distance: 0.746 AU
Orbital period: 323.6 d (0.89 year)
Inclination: 3.331°

Physical characteristics

Dimensions: ~250 m (estimated)
_ 2x10 kg
Mass (estimated)
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APOPHIS~ 200 X or 2000 x
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Orbit Uncertainty

+ Earth Gravity Assist
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Credit: B612 Foundation
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1987: Small variationsin motion of LAGEOS
explained using Y arkovsky theory

2003: First timemeasured on an asteroid
GOLEVKA (Chedley)

May 2003

| van Osipovich Yarkovsky
1844-1902

From PhD thesisMirodav Broz, CharlesUniversity, Prague 2006 based on 1991-1999 data
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Y E dependson:
Distanceto the Sun
Asteroid size
Asteroid shape
Rotation axis obliquity
Rotation rate
Thermal properties:

surface conductivity
thermal inertia

* Very sensitivefor thel m/ 10 km class of Asteroids
» Seasonal effect can be neglected for >100m asteroids
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From ‘ Predicting the Earth encounters of (99942) Apophis, J.D.Giorgini et a., ICARUS 193(2008) 1-19
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Very scar ce close passes

2012/2013
Date Visual Earth range (AU)
Magnitude
25 Nov, 2012 20 0.118
23 Dec, 2012 17 0.103
9 Jan, 2013 16 0.097
17 Feb, 2013 17 0.153
27 May, 2013 20 0.318

2020/2021
Date Visual Earth range (AU)
Magnitude

8 Nov, 2020 20 0.252
4 Feb, 2021 17 0.155
7 March, 2021 16 0.113
29 Mar ch,2021 17 0.170
21 May, 2021 20 0.170

2nd passtoo close from 2029 pass to make any mitigation decision

2012/2013 PASSMUST NOT BE MISSED
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In Space, GAIA should be availablein thistimeframe (nominal launch date Dec 2011)

Several Ground based observatories have the capacity to track APOPHISwhen Mv<20 (even more Mv<17)

A few monthsvisual tracking from the ground will decrease the the uncertainty for the 2029 encounter by a
factor of ~20, down to 20 km (from a B612 Foundation report — 28 june 2006 — Rusty Schweickart)

TheYarkovsky Effect can be estimated by using two sets of observations[2004-2005] and [2011-2012]

Observing is not enough, orbit extrapolation isan art which requires high accuracy models
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Set up an International Coordination Team to improve the APOPHIS ephemeris (2012
campaign) and providereliable estimates of the 2029 pass

Preliminary list of activitiesto becarried on:

Specification of observational data and metadata to be exchanged (r efer ence frames, auxiliary
data based on CCSDS blue book)

Specification of result intercomparison methods (refer ence frames, times...)
Preparation of data processing and modelling

| dentification of therelevant parametersof the YE

Propagation of the orbit up to 2029 with covariance matrixes
Characterization of the 2029 Key Holes with the complete dynamics
Assessment of the probability of crossing other Key Holesin a further future

Such activities have been donein the past, for instance for VEGA and PHOBOS space
missions

Emulation can be very stimulating

The participating teams need to be coordinated (by a space agency preferably)
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2012 pass observation

Still adanger(i %

In Situ Observation Mission
No C :

Preparation of & mitigation mission

Still adanger?
No <@ Yes

\ Proceed with a mitigation mission

2008 2010 2012 2014 2016 2018 2020 2022 2029 2036

NB: Still adanger meansthat the Earth is still inside the position uncertainty volume at some date
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Next approach [2012] of APOPHIS MUST NOT be missed for improving its ephemeris
It will be an excellent opportunity for a worldwide training upon an actual case

Observations need to be carefully processed for reliable orbit extrapolation
along the [2012-2029] timeframe

The skill for such awork isavailable only within a few organizations (Space agencies
and universities mostly)

Coordination is needed and competition among teams can be very stimulating

It isproposed to set up an International Coordination Group to improvethe APOPHIS
ephemeris
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Back Up Slides
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Tiny effect (101°/103m/<?) but per manent
Main effect on semimajor axis
Order of magnitudefor da/dt variation of tensto hundreds meters per year

Position error varieswith 12

Example: with da/dt =10m/year position shifts 100m in 1year, 400 min 2 years...
100m 1km 4 km

Can bepositive (outward spiral) or negative (inward spiral) depending on obliquity

Determination of itsdirection and magnitude for propagating orbit parameters
with an accuracy coherent with keyhole sizes

General question, not specificto APOPHIS
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From ‘ Predicting the Earth encounters of (99942) Apophis, J.D.Giorgini et a., ICARUS 193(2008) 1-19
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Thermal camera (5/20 nm): Thermal conductivity,
Thermal inertia

ThermalPhysical Modédl (TPM)
Visible camera Dimensions

Rotation parameters
3D model

Radio Altimeter : 3D modelling + gravitational field determination
Radio transponder for D-DOR

Heritage from Bepi Coimbo, DAWN, HAYABUSA

Compatible with a SOY OUZ-Fregat
launch from Kourou
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2 categories. Impulsive/Slow Push Techniques
| mpulsive techniques can be seen as a preliminar to send weaponsin space

Slow Push Techniques (from NASA report to US Congr ess):

Focused Solar Boil off material using large mirror Low TRL, complex
Pulsed Laser Boil off material with a laser Low TRL

Mass Driver Needsto land, Asteroid characteristics dependant Low TRL

Gravity Tractor Efficiency in D-5, High TRL
Asteroid Tug Needsto land, Asteroid characteristics dependant Low TRL
Enhanced YE Heavy, Asteroid characteristics dependant Low TRL

Y E Shadowing Efficiency in ~D-1, High TRL but applicableonly if YE is present
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