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Lucy, NASA’s next Discovery-class mission, will explore the diversity of the Jupiter Trojan asteroids. The
Jupiter Trojans are thought to be remnants of the early solar system that were scattered inward when
the gas giants migrated to their current positions as described in the Nice model. There are two stable
subpopulations, or “swarms,” captured at the Sun-Jupiter L4 and L5 regions. These objects are the most
accessible samples of what the outer solar system may have originally looked like. Lucy will launch in 2021
and will visit five Trojans, including one binary system. This paper discusses the target selection process,
including a description of “alternate Lucys” that were ultimately passed over in favor of the final design.
The mathematics of the trajectory optimization are also discussed.

I. Introduction

Lucy, recently selected as NASA’s 13th Discovery-
class mission, will perform flybys of five bodies in the
Sun-Jupiter L4 and L5 Trojan swarms and one main-
belt object. Lucy’s targets include the C-type object
3548 Eurybates, the P-type objects 15094 Polymele
and 617 Patroclus-Menoetius, the D-type objects
11351 Leucus and 21900 Orus, and the main-belt ob-
ject 52246 Donaldjohanson. These objects span both

the spectral and size diversity of the Jupiter Trojans.
Lucy achieves this by using Earth flybys to enter into
two consecutive elliptical orbits about the sun, which
naturally pass through both both Sun-Jupiter L4 and
L5 and small maneuvers are inserted to target our
chosen Trojans.

This work addresses the Lucy trajectory as a mem-
ber of a general class of missions known as “science
cyclers,” in which the spacecraft is placed onto an
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orbit that alternates between a region where inter-
esting bodies are found and some large body, in this
case the Earth, whose gravity may be used to adjust
the orbit at one apse. Science cycler trajectories allow
a modest spacecraft to perform flybys of many bod-
ies that might otherwise be difficult to reach, while
requiring relatively little propellant compared to a
rendezvous mission. Lucy is a member of a subclass
of science cyclers called “Jupiter Trojan cyclers,” so
named because of the particular class of object be-
ing targeted. Trojan cyclers are especially interesting
for several reasons. First, there is no other way to
visit multiple Trojans without a much larger propul-
sion system. Second, it is very convenient that the
period of an orbit that touches the Earth and passes
through the Trojan swarms is both an integer multi-
ple of the Earth’s orbital period and exactly half of
the Trojans’ periods, making the Earth available to
adjust the trajectory on each orbit and target par-
ticular bodies in each swarm. Third, it is easy to
enter into a Trojan cycler orbit using Earth flybys
and modest propulsion.

II. Physics Model

II.i Multiple Gravity Assist with n Deep-Space
Maneuvers

The trajectory transcription used in this
work is Evolutionary Mission Trajectory Genera-
tor (EMTG)’s Multiple Gravity Assist with n Deep-
Space Maneuvers using Shooting (MGAnDSMs).1,2

This transcription can model a trajectory with any
number of impulsive maneuvers. MGAnDSMs mod-
els the trajectory between two boundary points as a
two-point shooting phase. The trajectory is propa-
gated forward in time from the left-hand boundary
condition and backward in time from the right-hand
boundary condition. The optimizer chooses the time
of flight (TOF ) for the phase, along with necessary
parameters to define the magnitude and direction of
any impulsive deep-space maneuver (DSM)s. The
TOF from the left-hand boundary to the first DSM,
as well as from each DSM to the next DSM or
to the right-hand boundary where appropriate, is
expressed as the product of a “burn index” ηi with
the phase TOF . The sum of the ηi must equal 1.0,
guaranteeing that the propagation arcs fit within
the phase TOF . Therefore, if a phase has only one
impulse, then the time from the left boundary to the
DSM, ∆t1, and the time from the DSM to the right
boundary, ∆t2 will be:

∆t1 = η1TOF [1]
∆t2 = η2TOF [2]

Mass is propagated across each impulse by means
of the exponential form of the rocket equation as
shown in Equation 3.

m+
i = m−

i exp

(
−∆v

Ispg0

)
[3]

where m−
i is the mass of the spacecraft before the ma-

neuver, m+
i is the mass of the spacecraft after the ma-

neuver, ∆v is the magnitude of the impulsive DSM,
g0 is the acceleration due to gravity at sea level on
Earth, and Isp is the specific impulse of the space-
craft’s thruster.

The low-fidelity trajectories in this work are mod-
eled using two-body dynamics and propagated by
solving Kepler’s problem. EMTG uses a universal-
variable formulation, combined with a variable-order
Laguerre root finder.3,4

Once the broad search of trajectories is complete,
EMTG can also optimize high-fidelity trajectories us-
ing an 8th-order fixed-step Runge-Kutta explicit in-
tegrator,6 n-body point mass gravity, the J2 term
of the central body, and solar radiation pressure. A
fixed step integrator is used to ensure that the analyt-
ical partial derivatives of the final state with respect
to the initial state and the time of integration are
exact.7

II.ii Launch

In low fidelity, EMTG uses a patched-conic, zero-
sphere of influence (SOI) approximation of launch.
The optimizer chooses the launch epoch and the
outgoing v∞, Right Ascension of Launch Asymp-
tote (RLA), and Declination of Launch Asymptote
(DLA). The patched-conic launch model does not
add any constraints to the problem. The initial state
of the spacecraft in the heliocentric reference frame
is then computed at the center of the launch body as
per Equations 4-11. The coefficients in Equation 11
are a polynomial fit to the performance of the actual
launch vehicle, which in the case of Lucy is an Atlas
V 401.
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C3 = v2∞ [4]
x0 = xbody (tlaunch) [5]
y0 = ybody (tlaunch) [6]
z0 = zbody (tlaunch) [7]
ẋ0 = ẋbody (tlaunch) + C3 cosRLA cosDLA [8]
ẏ0 = ẏbody (tlaunch) + C3 sinRLA cosDLA [9]
ż0 = żbody (tlaunch) + C3 sinDLA [10]
m0 = aLV + bLV C3 + cLV C

2
3 + dLV C

3
3 + eLV C

4
3 + fLV C

5
3

[11]

When EMTG is used to optimize Lucy in high fi-
delity, the launch is modeled by an impulsive depar-
ture from a circular parking orbit at 185 km altitude.
EMTG then propagates from the departure maneu-
ver to the point at which Lucy exits the SOI of the
Earth. This technique is fully described by Ellison et
al.8

II.iii Gravity Assist Model
EMTG uses two different models for Lucy’s Earth

gravity assists, depending on the fidelity of the sim-
ulation. In low fidelity, EMTG uses a patched-conic,
zero-SOI approximation that is common to many pre-
liminary design tools. This is done by adding six new
decision variables, defining the incoming and outgo-
ing v∞, and two new constraints: one to require that
the magnitude of v∞,out matches the magnitude of
v∞,in, and one to ensure that the bend angle does
not require the spacecraft to fly below a user-defined
safe distance hsafe from the body, as described in
Equations 12-14, where F is the constraint posed to
the optimizer. In the context of Lucy, hsafe is 300
km. The flyby is un-powered, i.e., no maneuver oc-
curs at periapse.

F = hFB − hsafe [12]

hFB =
µ

v2∞,out

(
1

sin δFB

2

− 1

)
− rbody [13]

δFB = arccos

(
v∞,out • v∞,in

v∞,outv∞,in

)
[14]

When EMTG is used to optimize Lucy in high
fidelity, the gravity assist maneuvers are modeled by
propagating through the finite SOI of the Earth, with
the Earth as the central body. This technique is fully
described by Ellison et al.8

II.iv Encounter Model
EMTG models the Trojan and Donaldjohanson en-

counters as an intercept, i.e, a match of the precise
position of the body but with a non-zero v∞ vector.
Since the Trojans and Donaldjohanson are very small,
EMTG does not model a bend angle. This model is
used in both low-fidelity and high-fidelity trajectory
optimization, as it is adequate to provide an initial
guess for a flight navigation tool.

III. Solver

III.i Nonlinear Programming
The optimization of the MGAnDSMs problems in

this work may be formulated as nonlinear program
(NLP) problems. The optimizer solves a problem of
the form:

Minimize f (x)
Subject to:
xlb ≤ x ≤ xub

c (x) ≤ 0
Ax ≤ 0

[15]

where xlb and xub are the lower and upper bounds
on the decision vector, c (x) is a vector of nonlinear
constraint functions, and A is a matrix describing any
linear constraints (e.g. time constraints).

The problems in this work, like most other in-
terplanetary trajectory optimization problems, con-
sist of hundreds of variables and tens to hundreds
of constraints. Such problems are best solved with
a sparse NLP solver such as Sparse Nonlinear OP-
Timizer (SNOPT).9 SNOPT uses a sparse sequen-
tial quadratic programming (SQP) method and ben-
efits greatly from precise knowledge of the problem
Jacobian, i.e., the matrix of partial derivatives of
the objective function and constraints with respect
to the decision variables. EMTG provides analyti-
cal expressions for all of the necessary partial deriva-
tives, leading to improved convergence vs. using nu-
merically approximated derivatives.2,10,11 SNOPT,
like all NLP solvers, requires an initial guess of the
solution and tends to converge to a solution in the
neighborhood of that initial guess. The next section
discusses EMTG’s fully automated method for gen-
erating initial guesses.

III.ii Monotonic Basin Hopping
In the past two decades, researchers have explored

stochastic search methods that do not require an ini-
tial guess. Stochastic search techniques allow an au-
tomated system to efficiently design a complex trajec-
tory without human input.1,12–22 EMTG is designed
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to operate without user oversight, and so relies heav-
ily upon stochastic search. The particular stochastic
search method used in this work is monotonic basin
hopping (MBH).

MBH23 is an algorithm for searching for the best
solutions to problems with many local optima. Many
problems, including those described in this work,
are structured such that individual locally optimal
“basins” cluster together, where the distance in the
decision space from one local optima to the next in
a given cluster may be traversed in a short “hop.” A
problem may have several such clusters. MBH was
originally developed to solve molecular conformation
problems in computational chemistry, but has been
demonstrated to be effective on various types of in-
terplanetary trajectory problems.12,18–20,24,25 Pseu-
docode for MBH is given in Algorithm 1.

Special attention is given to decision variables
that define the time-of-flight between two boundary
points, e.g. Earth or Trojan flybys in Lucy. These are
the most significant variables that define a trajectory
and therefore it is sometimes necessary to drastically
perturb them in order to “hop” to a new cluster of
solutions. With some (low) uniform-random proba-
bility ρ, each time-of-flight variables is shifted by ±
1 synodic period of the two boundary points defining
that trajectory phase. In preliminary design for Lucy,
ρ was set to 0.05. In high fidelity re-optimization, ρ
is set to 0.0, because we do not expect significant
changes to the trajectory.

MBH is run until either a specified number of iter-
ations (trial points attempted) or a maximum CPU
time is reached, at which point the best solution
stored in the archive is returned. The version of
MBH used in EMTG has two parameters: the stop-
ping criterion and the type of random step used to
generate the perturbed decision vector x′. In this
work, the random step is drawn from a bi-directional
Pareto distribution with the Pareto parameter, α, set
to 1.4. The bi-directional Pareto distribution usually
generates small steps that allow MBH to exploit the
local cluster around the current best solution. How-
ever, some of the steps generated by the bi-directional
Pareto distribution are much larger, in some cases
spanning the entire decision space. These larger steps
allow MBH to explore the full decision space. This
approach has been shown to be robust on complex
interplanetary trajectory design problems.22

IV. Baseline Lucy

The computational process described in the previ-
ous section is successfully applied to the Lucy mis-

Algorithm 1 Monotonic Basin Hopping (MBH)
generate random point x
run NLP solver to find point x∗ using initial guess
x
xcurrent = x∗

if x∗ is a feasible point then
save x∗ to archive

end if
while not hit stop criterion do

generate x′ by randomly perturbing xcurrent

for each time-of-flight variable ti in x′ do
if rand (0, 1) < ρtime−hop then

shift ti forward or backward one synodic
period

end if
end for
run NLP solver to find locally optimal point x∗

using in initial guess x′

if x∗ is feasible and f (x∗) < f (xcurrent) then
xcurrent = x∗

save x∗ to archive
else if x∗ is infeasible and ∥c (x∗)∥ <

∥c (xcurrent)∥)
xcurrent = x∗

end if
end while
return best x∗ in archive
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sion. Lucy includes a launch, three Earth grav-
ity assists, six small-body encounters, and nine
MGAnDSMs phases. Figure 1 shows the problem
structure as defined in EMTG.

The Lucy trajectory presented here, as developed
for critical design review (CDR), was optimized first
in EMTG’s low-fidelity mode with Kepler propaga-
tion and patched-conic gravity assists, and then in
EMTG’s high-fidelity mode with numerical integra-
tion, n-body gravity, Sample Return Capsule (SRC)
and fully modeled gravity assists. The objective func-
tion is to maximize dry mass. The low-fidelity solu-
tion was used as a starting point for the high-fidelity
optimization. Table 1 is a comparison of the low-
fidelity and high-fidelity trajectories. Note that the
low-fidelity, patched conic run yields a lower ∆v, and
higher dry mass, than the high-fidelity run because
the low-fidelity run does not account for solar radia-
tion pressure (SRP) or n-body perturbations.

Figures 2 and 3 show the trajectory in an eclip-
tic plane projection and in a side view, respectively.
From Figure 3, it is clear that Lucy’s Trojan aster-
oid targets lie in significantly different orbital planes.
The Lucy mission is only possible because each of
these targets cross the ecliptic plane in approximately
the same place.

Fig. 1: Structure of the Lucy mission

V. Alternate Lucy

The Lucy trajectory has a family of near-cousins
that visit the same three “large” Jupiter Tro-
jan targets—3548 Eurybates, 21900 Orus, and 617
Patroclus-Menoetius. Each member of the Lucy fam-
ily may visit a different set of smaller targets, depend-
ing on what is convenient. Lucy’s targets are all avail-
able in the same mission because they all cross the
ecliptic plane in the same place, that is, they share
the same right ascension of the ascending node, Ω,
+/−180◦. The +/−180◦ is included because for the
purpose of a flyby cycler, it is not important whether
the body is at its ascending or descending node at a

Table 1: Comparison of the low- and high-fidelity
EMTG Lucy trajectories, for the October 16th,
2021 launch opportunity.

Parameter EMTG EMTG
(low-fidelity) (high-fidelity)

Launch 10/16/2021 10/16/2021
DSM1 epoch 4/23/2022 11/15/2021
DSM1 2.1 m/s 3.8 m/s
EGA1 epoch 10/17/2022 10/16/2022
EGA1 altitude 300 km 300 km
DSM2 epoch 2/1/2024 2/7/2024
DSM2 889.6 m/s 910.9 m/s
EGA2 epoch 12/13/2024 12/13/2024
EGA2 altitude 341 km 334 km
Donaldjohanson
epoch 4/20/2025 4/20/2025

DSM3 epoch 4/13/2027 4/7/2027
DSM3 magnitude 308.6 m/s 312.9 m/s
Eurybates epoch 8/12/2027 8/12/2027
Polymele epoch 9/15/2027 9/15/2027
DSM4 epoch 9/29/2027 9/29/2027
DSM4 magnitude 114.7 m/s 115.9 m/s
Leucus epoch 4/18/2028 4/18/2028
DSM5 epoch 7/22/2028 7/23/2028
DSM5 magnitude 349.7 m/s 350.8 m/s
Orus epoch 11/11/2028 11/11/2028
EGA3 epoch 12/27/2030 12/27/2030
EGA3 altitude 654 km 611 km
Patroclus epoch 3/3/2033 3/3/2033
Total ∆v 1664.7 m/s 1693.5 m/s

Fig. 2: Ecliptic-plane projection of the Lucy baseline
trajectory
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Table 2: Physical and Orbital Characteristics of Lucy’s Targets

Body H Spectral Class a (AU) e i Ω ω
52246 Donaldjohanson 15.5 2.38 0.19 4.4 262.9 213.0
3548 Eurybates 9.7 C 5.19 0.09 8.1 43.6 28.0
15094 Polymele 11.7 P 5.16 0.09 13.0 50.3 4.9
11351 Leucus 10.7 D 5.29 0.06 11.6 251.1 161.2
21900 Orus 10.0 D 5.13 0.04 8.5 258.6 180.5
617 Patroclus-Menoetius 8.2 P 5.22 0.14 22.0 44.4 308.4

Fig. 3: Side view of the Lucy baseline trajectory

particular epoch as long as it is passing through the
ecliptic plane.

Furthermore, Lucy’s targets share a very similar
argument of perihelion, ω, except for Leucus, which
happens to have a very low eccentricity so ω is less
important. Figure 4 shows ω vs mod (Ω, 180◦) for
all of the large Trojans for which a spectral class is
known. 15094 Polymele and 11351 Leucus do not ap-
pear on this chart but have been recently classified as
a P and D, respectively. Table 2 shows the physical
and orbital characteristics of all of the Lucy targets.
The Lucy target set is particularly exciting because
it includes not only at least one of each spectral class,
but also a small P and D in 15094 Polymele and 11351
Leucus, the parent body of the only known Jupiter
Trojan collisional family in 3548 Eurybates, and an
equal mass binary in 617 Patroclus-Menoetius. 617
Patroclus-Menoetius is of special interest because
equal mass binaries are thought to be more common
among the Kuiper Belt objects (KBOs).

The backup Lucy trajectory launches in 2022 and
skips the first Earth flyby but is otherwise nearly
identical to the nominal Lucy. A 2024 launch is also
possible but does not include any Earth flybys and
requires a large rocket to throw to a high C3. These
two options are shown in Figure 5.

However, the nominal and backup 2022 and 2024
high C3 trajectories represent only one subfamily of
the Lucy cycler family, which we call “Forward Lucy.”
The other half of the Lucy family of trajectories go
to 617 Patroclus-Menoetius first and are known as

Fig. 4: ω vs mod (Ω, 180◦) for all large classified
Trojans—feasible Trojan science cyclers visit fam-
ilies of objects with similar ω and mod (Ω, 180◦)

Fig. 5: Lucy 2022 (L) and 2024 high C3 (R) trajec-
tories
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Fig. 6: ∆v vs launch year for all low C3 members of
the Lucy cycler family

“Backward Lucy.” The Backward Lucy trajectories
become available starting in 2024 and are character-
ized by several Earth flybys and a long flight time.
As the launch date moves forward each year, one
can remove an Earth flyby or otherwise change the
pump-up geometry and still access the Lucy targets
in the backwards (617 Patroclus-Menoetius first) or-
der. This pattern continues from 2024 to 2027, at
which time it is no longer possible to launch to the
Backward Lucy family.

The Forward Lucy family is once again available
with a low C3 launch in 2029. The required ∆v re-
mains in the 1.0-2.0 km/s range that the Lucy space-
craft can achieve. The pattern eventually falls apart
because 21900 Orus has a slightly shorter period than
3548 Eurybates and 617 Patroclus-Menoetius and
therefore gets too far “ahead” of them in its orbit
and it is no longer possible to connect all three bod-
ies. This same phenomenon causes 15094 Polymele
and 11351 Leucus to be unavailable after the 2024
high C3 opportunity.

Figure 6 shows the required ∆v for each of the low
C3, i.e. below 40 km2/s2, members of the Lucy cycler
family. Figure 7 shows the end date of the different
sub-families of Lucy cyclers. Note that all of the first
set of Forward Lucys end in the same month in 2033,
all of the Backward Lucys end in 2040, and the second
set of Forward Lucys end in 2044. In order for this to
work, the flight time drops by one year for each later
launch year as shown in Figure 8.

The Lucy cycler family is a special case of the gen-
eral class of Jupiter Trojan cycler. Lucy-like trajec-
tories are available for other sets of Jupiter Trojans,
with the caveat that they must all share the same
mod (Ω, 180◦) and in most cases should share the
same argument of perihelion (AOP). Other Trojan

Fig. 7: Mission end date vs launch year for all low C3

members of the Lucy cycler family

Fig. 8: Flight time vs launch year for all low C3 mem-
bers of the Lucy cycler family
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Fig. 9: An alternative Jupiter Trojan science cycler
that visits 2207 Antenor, 624 Hektor, and 659
Nestor. This family of cyclers does not offer good
science observation geometry and may freeze the
spacecraft to death.

cycler families have been found, including the trajec-
tory that visits 2207 Antenor, 624 Hektor, and 659
Nestor as shown in Figure 9. However none of the
other Jupiter Trojan cycler families that we found
provided the science value of the Lucy family of tra-
jectories. The Hektor-Nestor family of Trojan cyclers
is also less appealing than the Lucy family because
Hektor and Nestor have opposing perihelia - one is
always at perihelion when the other is aphelion. It is
therefore only possible to visit both of them in a sin-
gle orbit by either approaching directly from sunward
or diving down on them from a higher solar distance.
In both cases the encounter velocities are very high
and do not enable good science observations.

All Jupiter Trojan cyclers are in turn a special case
of the general class of science flyby cyclers. Science
flyby cycler trajectories can also be constructed to
tour the main belt or of the Trojans associated with
any of the other planets in the solar system, although
there are not many of those known at the time of
this writing. Figure 10 is a plot of a notional main-
belt science cycler that visits 221 Eos, 114 Kassandra,
and 26 Proserpina. Like Lucy and her immediate
family, the main-belt science cyclers make use of the
Earth’s gravity and small chemical maneuvers to visit
multiple targets.

Fig. 10: A notional main-belt science cycler that vis-
its 221 Eos, 114 Kassandra, and 26 Proserpina

VI. Conclusion

The direct transcription and nonlinear program-
ming approach, when combined with the monotonic
basin hopping global search heuristic as described in
this work, proved to be a very effective method for
optimizing the trajectory for Lucy and her Trojan-
cycler cousins. Many multi-Trojan tours were found.
The most compelling of these from a science value,
mission length, and ∆v perspective is the trajectory
that Lucy will fly. The techniques described in this
paper will be used by the Lucy flight dynamics team
throughout the mission and to design future mis-
sions by Goddard Space Flight Center and KinetX
Aerospace.
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