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| will use the term Deep Space to mean:

- Earth orbit beyond 150,000 km or so (DEO, Deep Earth Orbit)
- Everything beyond - Moon, Lagrange points, solar orbit, other worlds

(c) Paramount
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Keeping track:

The short answer — we can't.
BUT we can know what we sent out there and which way it was heading when last seen

AND that can be helpful.
I've made a list!



In Near Space (in Earth orbit below about 50,000-150,000 km altitude) things
are relatively OK

The US DoD (specifically, USAF 18 SPCS) attempts to catalog orbiting objects
- In LEO, attempt to be complete to about 10 cm size
- Less complete at high altitudes

Active tracking of passive debris objects

- Ground based radar for LEO objects (but F ~ 1/r **4)

- Ground based optical telescopes for GEO objects

- Space based optical telescopes coming on line to supplement these

Russian network also operational but thought to be not as capable for small debris
Russian-led ISON network more complete for GEO objects?

European SSA still at experimental stage

Independent hobbyists provide orbit data for US secret objects

Summary: There are problems, but overall
our knowledge of artificial objects below 50000 km is in pretty good shape
Above 150,000 km it is very poor
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In contrast, beyond 150,000 km:

No-one is responsible for keeping track

The International Astronomical Union

IAU Minor Planet Center

The US does a half-hearted job on deep Earth orbit (DEO)

OBSERVERS DATA

IAWN BETA STATUS

objects
Enters some but not all known Earth escape objects in the

satellite catalog with no orbital data.

aring MPCs (Info)

This page (formerty itled the Earth-Orbiting Space Junk Tracker
the earth) that have been (or could be) confused with natural objects.

The Distant Artificial Satellites Observation Page

Page) allows observers to get ephemerides for man-made objects in orbit around the earth (or a dynamical point associated with

and (with subject line = "ART SAT) in the normal format, with the designation beginning in

Astrometry of these objects should be reported to

column 1 and extending no further than column 12 (names that are longer than twelve characters should be truncated). Observations are published in the Distant Artificial Satellites Observation

circular.

Use the FeedBack form to make comments or report problems with this service.

Near-Earth Asteroid astronomers accidentally find DEO and
some Earth escape objects. Small unfunded group keeping
track of a subset to avoid confusion with real asteroids.
(Gareth Williams, IAU MPC; Bill Gray, Project Pluto)
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Active deep-space probes tracked by their operators. But no
systematic archive for this data once they are dead.
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JPL HORIZONS (Jon Giorgini) provides ephemerides and orbit

IMPORTANT: The SSD Announcement email list is now available. Major changes
are coming in the near future, including possible hostname and/or URL changes.

To be notified of such changes, subscribe to this email list.

Please visit this page for more details.

data for a subset of active and dead probes: basically the ones

HORIZONS Web-Interface

This tool provides a web-based fimited interface to JPL's HORIZONS system which can be

JPL tracks or tracked (and didn’t throw away the data). An
immensely valuable contribution but incomplete.

used to generate ephemerides for solar-system bodies. Full access to HORIZONS features
is available via the primary telnet interface. HORIZONS system news shows recent
changes and improvements. A web-interface tutorial is available to assist new users.

Current Settings
Ephemeris Type [change] : VECTORS
Target Body [change] : Spektr-R Observatory (spacecraft) [-557]

Coordinate Origin [change] : Geocentric [500]
Time Span [change] : Start=2019-08-30 00:00, Stop=2019-09-03 00:00, Step=1 m

Table Settings [change] : output units=KM-S; CSV format=YES
Display/Output [change] : download/save (plain text file)

Generat

It's all very patchy!

te Ephemeris

Special Options:

« set default ephemeris settings (preserves only the selected target body and ephemeris
e)

ty)
« reset all settings to their defaults (caution: all previously stored/selected settings will be
lost)

« show "batch-file" data (for use by the E-mail interface)

Site Manager: Ryan S. Park
Webmaster: Alan B. Chamberlin




Why do | care?
- Historical interest. We may run into these things again in centuries to come.

- The inner solar system in 20 years will be like LEO/GEO today — even if asteroid mining
*doesn’t* take off. More nations are sending probes to deep space. Commercial missions are
already beginning. This will need governance. Governance needs situational awareness.

- Astronomical confusion. They look like asteroids when they return to Earth’s vicinity
Example: Asteroid JOO2E3 turned out to be the Apollo 12 SIVB stage.
Recaptured through SEL1 and spent a year orbiting Earth before departing again

- Earth departure states are often not accurate enough to reliably predict current location of a
probe launched years ago. But if it is accidentally rediscovered, having the old orbit is enough
to confirm its identity.

- Planetary protection concerns
- What about the Registration Convention? In practice, states never worried about the

deep space stuff. But there is no reason this should be the case: everyone is technically in
violation (Art. IV 1(d), “basic orbital parameters” does not specify Earth orbit.) .

\CE TRAWLER CANTERBURY
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The Deep Space Catalog

| have compiled a catalog of over 1000 artificial objects in "deep space’
by which | mean:
Anything beyond EL1:4, 152000 km from the center of the Earth.

At this radius a satellite’s orbital period is 2 of the Moon’s. That’s a nice boundary because it's

about where you can no longer pretend for long that you're in a simple Keplerian orbit. But yes, it's
pretty arbitrary. The main point is that it's beyond where DoD bothers to track things systematically.

The catalog, available at https://planet4589.org/space/deepcat, includes:
- Object ID and launch information

- Each Hill sphere transition date for the object (Earth to Sun, Sun to Mars etc)

- Approximate orbital data for each such phase (peri, apo, inc)
The intent is that this first version of the catalog will be succeeded by a future
release in which full orbital elements or state vectors will be provided where

possible.
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Key catalog tables:

Table 1: one line per object
- owner, mass, size
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Table 2: For each object, mission phases and approximate orbit for each phase
Central body, start and end time, end status, orbit parameters

Launch from VS SLC3E by Atlas V 401

2018
2018
2018
2018
2018
2018

May 5
May 5
May 10
Nov 22
Nov 26
Nov 30

1238
2153
2355
1636
1945
2251

Separated from launch vehicle
Entered deep space
Entered solar orbit
Entered Mars sphere
Flyby Mars

Entered solar orbit
In solar orbit

D00998 S43458 2018-042B 2018 May 5 MarCO0-A
DOO999 S43459 2018-042C 2018 May 5 MarCO-B
DO1000 AG9124 2018-042A 2018 May 5 Mars InSight Cruise Stage
DO10O1 A©9125 2018-042 2018 May 5 Mars InSight Back Shell
D01002 AG9126 2018-042 2018 May 5 Mars InSight Heat Shield
DO1003 AG9127 2018-042 2018 May 5 Mars InSight Parachute
DO1004 S43473 2018-045D 2018 May 20 CZ-4C Y27 Stage 3
DO1OO5 S43470 2018-045A 2018 May 20 Quegiao
DO10O6 S43471 2018-045B 2018 May 20 Longjiang 1
DO1007 S43472 2018-045C 2018 May 20 Longjiang 2
DO1008 S43592 2018-065A 2018 Aug 12 Parker Solar Probe
DO10O9 S43594 2018-065C 2018 Aug 12 Delta 380 Third Stage
DO1010 S43593 2018-065B 2018 Aug 12 Delta 380
DO1011 A©9203 2016-055 2016 Sep 8 TAGSAM cover
DO1012 S43654 2018-080B 2018 Oct 20 ESC-A L5105
DO1013 AG9205 2018-0686D 2018 Oct 20 BepiColombo MTM
DO1014 S43653 2018-080A 2018 Oct 20 BepiColombo MPO
DO1015 AG9206 2018-080E 2018 Oct 20 BepiColombo MOSIF
DO1016 AG9204 2018-086C 2018 Oct 20 Mio
DO1017 S43845 2018-103A 2018 Dec 7 Chang'e-4
D01018 S43846 2018-103B 2018 Dec 7 C(CZ-3B Y30 Stage 3
DO1019 A0©9236 2018-103 2018 Dec 7 Yutu-2
DO1020 S44049 2019-009B 2019 Feb 22 B'reshit
DO1021 S44432 2019-040A 2019 Jul 13 Spektr-RG
D01022 S44433 2019-040B 2019 Jul 13 Blok DM-03 No. 4L
D01023 S44441 2019-042A 2019 Jul 22 Chandrayaan-2
JUuUvyo
D00998 MarCO-A 0 Earth 2018 May 5 1105
D00998 MarC0-A 1 Earth 2018 May 5 1105
D00998 MarCO0-A 2 Earth 2018 May 5 1238
D00998 MarC0-A 3 Earth 2018 May 5 2153
00998 MarC0-A 4 Sun 2018 May 10 2355
00998 MarC0-A 5 Mars 2018 Nov 22 1636
)00998 MarCO0-A 6 Mars 2018 Nov 26 1945
D00998 MarC0-A 7 Sun 2018 Nov 30 2251
D06999

Table 3: Notes and References
DeOe45 AOO438 IPL (1966); Sjogren et al (1964).
DOOO46 APB454 Trajectory similar to DOOO47
Deee47 Se0785 Clark (1985); Winterbottom and Perry (1992)
DOOO48 AGB455 Remained attached to DOOG4T
DEOR49 S06843 Wollenhaupt et al (1964), JPL (1964).
DEEE50 S00842 Wollenhaupt et al (1964), JPL (1964).
DOOE51 S00879 TLE (2017); initial orbit reconstructed from launch press kit and Emme (1965).
DOOO52 AGO535 Trajectory similar to DO0O51; no tracking data.
DOEO53 AOO576 Remained attached to DBEOO55
DOEO54 AQO577 Remained attached to DBEBOO55
DOOO55 SO0923 Trajectory estimated from data in JPL (1965).
DBOO56 SO0942 Initial trajectory similar to DOOO57
DEEE57 S068938 Nutt, Gordon and Tito (1967).

Note that published flyby areocentric semi-major axis is in error by a factor of 10.

DOEO58 SE0945 C(Clark (1986); Winterbottom and Perry (1991).
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Catalog status as of Oct 2019:

1023 total catalog entries:

902 free flying objects
121 entries attached to other objects

Example: Jupiter and Saturn/Titan:
2 up: Juno (at Jupiter), Cassini INMS Instrument Cover (at Saturn)

13 down: Galileo Orbiter, Galileo Probe, 2 Probe debris
Cassini, Huygens, 3 Huygens entry system debris, 4 Huygens instrument covers

Example: Returned from deep space
Up: Asiasat-3, DSLWP-A, etc
Down: Apollo, Zond, Hayabusa-1, etc.
Attached: LuxSpace 4M payload, Apollo LEVA spacesuits




Started collecting orbit data in 1993. About 50% complete so far
Examples of sources used for orbital elements and state vectors:

SPICE kernels from JPL and ESA
JPL Horizons
NSSDC/GSFC
APL mission web sites
Astronomical observations
- e.g. asteroid observers measured orbit of Chinese lunar program final stages
Published Soviet papers (e.g. Kosmicheskiye Issledovanie)
Published JPL documents (e.g. Ranger mission reports)

Personal communications with (a.k.a. harrassment of) mission Pls

- Thanks to F. Bernardini, D. Collins, J. Insprucker, T. Kawamura, D.Lauretta, R. Mitchell,
M. Rayman, R. Roads, W. Thompson | Thank you thank you thank you! |
- Only way to get state vectors for final stages of launch vehicles

Archival research

- Pioneer Venus Orbiter heliocentric transfer trajectory state vector found in
pencilled note written on telegram in NASA-Ames history archive!

Takeaway: If you have state vectors or elements for deep space spacecraft
(including rocket final stages) that are not in JPL Horizons, please pretty
please pass them on to me!



Takeaway: If you have state vectors or elements for deep space spacecraft
(including rocket final stages) that are not in JPL Horizons, please pretty
please pass them on to me!



Appendix: local geography (astrography) and the Hill sphere
There are two rival definitions of “gravitational sphere of influence”

- the Laplace sphere  suitable for objects at rest rel to planet
- the Hill sphere suitable for objects orbiting planet

Geography of the Earth—Mocen System

Consider a small thing orbiting a big thing

Let’s call the small thing “Earth” and the big thing
“Sun”

Consider an even smaller thing, called
“spacecraft’, moving in their joint gravity — when
is it a better approximation to say the spacecraft
is orbiting the Earth vs orbiting the Sun?

2000000 —

Sun-Earth Hill Sphere

160C000

L f you are within E’s Hill Sphere with respect to S
] So r<R(m_E/3m_S)*N1/3)

GSE Y (km)
)
[

Then it makes more sense to say you'’re in orbit
around Earth.

1302000

(“orbit” may be elliptical or hyperbolic)
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