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WHAT IS AN ACTIVE 
PRIMORDIAL BODY?

Properties
o Icy small bodies active at Rh>5AU
oNo significant exposure to the 

inner solar system

Examples
oActive Centaurs
o LPCs with q>5AU
oDynamically New LPCs 29P/Schwassmann-Wachmann 1



WHY DO THEY 
MATTER?

Activity
oNot driven by water sublimation
o Source mechanism(s) not 

understood

Physical State
oMinimal physical evolution
o (Centaurs) Parent population of 

the JFCs



ACTIVITY PATTERNS

oDirect gas production detected 
for only a few objects

o ~20% of Centaurs active 
w/perihelion dependence

o LPCs do not display consistent 
behavior with RH

o Suspected Sources of CO, CO2

and CH4 are hyper-volatile
oOutbursts do not track with RH

(Amorphous Ice?)
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Jewitt, 2009



PHYSICAL EVOLUTION

oWater sublimation rapidly erodes 
objects within the JFC region

o Evolutionary signature of outer 
solar system activity is unknown

oActive Centaurs are physically 
intermediate between TNOs and 
JFCs

oAPBs offer physical connection 
between mission targets



A DECADE OF 
DISCOVERY

Much has been learned since the last survey
o The majority of ABPs have been identified since 2010 (now over 200)
o The patterns of heliocentric activity dependence of APBs are being 

revealed 
oRing systems have been discovered around Centaurs (Chiron, Chariklo)
oWe have orbited a JFC and flown by a progenitor TNO
oAn orbital resonance linking Centaurs to JFCs has been identified



AN EXPLORATION 
IMPERATIVE oActive primordial bodies are the 

keys to many locks
o They connect previous and future 

mission targets
o They are the most pristine objects 

accessible to spacecraft
o The provide sampling of volatiles
o They are an evolutionary bridge
o The most scientifically valuable 

targets are accessible now.



AN EXPLORATION 
IMPERATIVE
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THE ORBITAL 
GATEWAY

o The Active Centaurs are the most 
accessible of the APBs

o Sarid et al. (2019) Reported the on 
and orbital resonance through 
which 70% of future JFCs pass

o ‘Gateway’ APBs are embryonic 
comets



THE PRIME 
CANDIDATES

o There are 3 outbursting ABPs 
where CO production has been 
detected 

oOne candidate has a ‘ring’ system
oA recently discovered object is in 

current transition to the JFCs
oAll are accessible with missions in 

the Discovery/New Frontiers class

D-9
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A Gateway to t he Centaurs and the Secrets of Small-Body Format ion

has experienced. During outbursts, CO produc-
tion reaches nearly 1029 s−1 (Womack et al. 2017), 
but the correlation with dust outbursts is weak 
(Wierzchos and Womack 2019). Other primary 
volatiles (e.g., H2O, CO2) are produced in much 
smaller quantities (Ootsubo et al. 2012), so it is 
unclear how the dust outbursts are triggered.

D.1.3.2 Orbital Signif cance
SW1’s nearly circular orbit appears to be an 

outlier among the other large Centaurs. Howev-
er, recent forward modeling of orbital evolution 
from the TNOs, through the Centaur region, and 
into the JFCs reveals an underlying order within 
this chaotic transition. Sarid et al. (2019) found 
a dynamical gateway facilitating the transition 
between Centaurs and JFCs: a short-lived (~103 
yr), low-eccentricity SW1-like ‘keyhole’ orbit just 
beyond Jupiter (5.4 < q < 6 au) through which the 
majority of Centaurs that enter the JFC popula-
tion pass (Figure D-11).

Repeated encounters with Jupiter ensure rapid 
evolution of these nearby orbits. Dynamical chaos 
limits how far forward or backward SW1’s orbit 
can be traced deterministically, but its evolution 
within ~500 years of the present day is known 
(Figure D-12). Since entering the ‘keyhole’ region, 
SW1 has twice transitioned through near-circular 

orbits similar to its modern state (a 1974 Jupiter 
conjunction started the most recent cycle). T e 
upcoming conjunction in 2038 will perturb 
SW1’s orbit outward and elongate it. T e integra-
tions in Figure D-12 show that, over the next 104 
years, SW1 has a ~55% chance of being scattered 
onto a JFC orbit interior to Jupiter. 

 Rather than being an outlier, SW1 occupies a 
common but short-lived Centaur orbit character-
istic of their transitions to JFCs. T is, combined 
with SW1’s observed activity, cements its place 
as an object on the cusp of transition. However, 
SW1 does remain an outlier because of its size. 
T e keyhole orbit represents only ~0.01% of the 
median Centaur dynamical lifetime, so the num-
ber of known Centaurs comparable in size to SW1 
is only a few percent of the number required for 
a relatively large object in this orbit to be statisti-
cally common (Sarid et al. 2019). Nevertheless, 
SW1 is currently in the keyhole orbit (along with 
four other small objects). SW1’s favorable orbit 
for exploration, consistent activity, and current 
spacecraft accessibility thus qualify as exceptional 
events on the timescale of human civilization. 

D.1.3.3 The Environment around SW1
SW1's rapid-cadence major outbursts contrib-

ute up to 80% of the dust produced by the nucle-
us (Hosek et al. 2013) and are a near continuous 
source of larger particles occupying temporary 

Figure D-10: CO production rate vs. heliocentric distance, 
normalized by surface area (Wierzchos et al. 2017). SW1 (29P) 
stands out, exhibiting outbursts with large variations in CO 
production at a f xed heliocentric distance. 
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Figure D-11: A sample particle in a TNO dynamical model 
that enters the Centaur region and then transitions to the JFC 
population via the SW1-like ‘keyhole’ orbit (low-eccentricity 
orbit just exterior to Jupiter). The orbital evolution timescale 
decreases by orders of magnitude between the TNO, Centaur, 
and JFC regions (Sarid et al. 2019). 

Example transition from TNO to JFC
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Figure D-12: Top: SW1’s transition into a near-circular orbit 
with almost equal perihelion q and aphelion Q distances oc-
curred in 1975; its eccentricity will increase after the 2038 Ju-
piter conjunction. Bottom: Forward and backward calculations 
show that SW1 is likely to become a JFC (Sarid et al. 2019).
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95P/CHIRON
oChiron was the first object 

identified with the Centaur group
o It is the largest of the candidate 

objects
o It has a ring/shroud of debris
o Is consistently active further than 

any where CO is measured 
o It has has experienced outbursts in 

the past
o Study of an orbital mission in 2013 

survey-New Frontiers option



174P/ECHECLUS
o Experiences periodic large 

outbursts
oMajor outburst in 2005 produced a 

separate object
oQuiescently active near perihelion
oMost eccentric orbit of the best 

candidates
oChiron orbiter study compared 

accessibility.  An Echeclus orbiter is 
a stretch for New Frontiers.

Kareta, 2020

Rousselot, 2008



2019 LD2 (ATLAS)
oRecent APB discovery
oNear co-orbital with Jupiter 
oRapidly developing orbit: Jupiter 

encounters in 2027 and 2063
o >90% chance of entering JFC 

population (~40% q<3 AU)
o Ideal candidate for study of 

transition
oActivity patterns not well studied
oPossible sample return optionKareta et al., 2020

2019 LD2 (Atlas)Current orbit



29P/SCHWASSMANN-
WACHMANN 1

o First active object discovered with 
an orbit beyond Jupiter (1927)

oContinuously active for 90+ years
oHighest CO production of any 

Centaur
o Experiences ~7 outbursts per year
o Low eccentricity/inclination orbit 
oGateway orbit resident with 70% 

likelihood of becoming a JFC



MISSION 
CHALLENGES
oOrbital encounters are require 

assist or advanced propulsion
oOrbital periods and assist phasing 

opportunities are widely spaced
oDebris clearing from active bodies 

is slow-Dangerous for a flyby
oPotential for sporadic activity 

makes orbit preferable
oCruise phases are long (>10 yr) for 

orbital encounters



TIME IS OF THE 
ESSENCE

o The best candidates are near most 
favorable mission configuration

o29P and 2019 LD2 are phased with 
Jupiter for assist in the late 2030s

oChiron and Echeclus orbit within 
Saturn in the 2040s through 2050s

o If these opportunities are missed, 
29P, Echeclus, and Chiron are not 
available until after 2100.

o2019 LD2 becomes a JFC in 2063



THE WINDOW IS 
ALREADY OPEN

o Two mission concepts were 
proposed (to 29P and Chiron) in 
the 2019 Discovery call…however

o The Discovery window closes soon
oProposal through launch adds 10-

20 years to cruise phase
oNew Frontiers concept 

development must begin in the 
next 2 rounds


