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1. Scientific/Technical/Management 

1.1. Expected significance  
Comet surfaces evolve primarily through erosion and deposition, including the surface of  
Hartley 2 (e.g., A’Hearn et al. 2011; Thomas et al. 2013).  Understanding Hartley 2’s 
depositional mechanics and subsequent evolution of its depositional terrains is critical to 
understanding how its nucleus 
has changed since becoming a 
Jupiter Family Comet, and how 
the observed Jupiter Family 
Comet population relates back 
to its source population of 
Centaurs and (ultimately) 
Scattered Sisk Objects. 
Furthermore, estimates of 
Hartley 2’s bulk density of 300 
± 100 kg/m3 (A’Hearn et al. 
2011; Thomas et al. 2013; 
Richardson & Bowling, 2014) 
requires its smooth waist to be 
an equipotential surface formed 
from the fluidization of 
deposited materials (e.g., Menon 
& Durian, 1997; Xu & Yu, 

 
Figure 1: The bilobate nucleus of Comet 103P/Hartley 2, 
with terrain types outlined and labeled. The smooth waist 
and Central Mound terrains are clearly visible, along with 
knobby, hummocky terrains that surround these smooth 
terrains. The two visible active regions are ejecting icy 
grains into the inner coma. Image: MRI-VIS frame 5004052. 

Science Objectives of Proposed Work 
Hartley 2’s depositional terrains show a strong dichotomy in ice content: the Waist terrain is ice 
rich and actively outgassing H2O, while the Central Mound terrain is effectively inert (e.g., 
A’hearn et al. 2011; Bruck Syal et al. 2013; Feaga et al. 2017). Such dichotomy is not 
observed on other comets; understanding why these otherwise similar terrains differ so 
significantly is critical to understanding what drives comet activity and how comets’ surfaces 
evolve. Our preliminary work suggests that this dichotomy results from size-dependent (and 
thus volatile content-dependent) differences in the trajectories of the deposited grains, which  
spatially sort the grains by size/ice content. Hartley 2’s changing rotation state may 
significantly alter the location and composition of these depositional smooth terrains; the study 
of which may constrain Hartley 2’s historical rotation state. Finally, the brief EPOXI flyby 
captured a snapshot of Hartley 2. Nevertheless, processes that evolved comet 67P/Churyumov-
Gerasimenko’s smooth terrains may also be actively evolving Hartley 2’s smooth terrains; 
comparing their appearance and depositional patterns would reveal such surface processes. We 
will use numerical models and EPOXI observations of comet Hartley 2 to: 
1. Investigate if the differences in Hartley 2’s smooth terrain activity is the result of 

differences in deposition and transport processes  
2. Explore how changes in Hartley 2’s rotation state affect the location, composition, 

and depth of its smooth terrains 
3. Identify if processes active on comet 67P/Churyumov-Gerasimenko are also actively 

evolving Hartley 2’s smooth terrains  
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1997; Belton & Melosh, 2009), a presently untested assumption. However, if insufficient H2O 
ice is deposited onto the waist, the deposited material cannot fluidize and flow into an 
equipotential surface. Such a finding would demonstrate that the nucleus bulk estimates of 
Hartley 2 are unreliable, and would force a reinterpretation of the origin and geology of Hartley 
2’s waist terrain and source of its H2O. Finally, the nature of the unimaged side of Hartley 2, is a 
major outstanding question of the EPOXI mission. Through our investigation, we will investigate 
if the observed depositional terrains on Hartley 2’s surface require activity from Hartley 2’s 
unimaged side. We may even be able to constrain the locations and magnitude of this activity, or 
predict the locations of smooth terrains on the unimaged side. 

  

1.2. Background 
Actively sublimating regions on Jupiter family Comet (JFC) nuclei produce an 

outgassing wind that lofts dust and debris off of the nucleus. Whereas fine dust typically gets 
accelerated faster than the comet’s escape velocity, larger decimeter-sized “grains” often fail to 
reach escape velocity and eventually fall back onto the comet’s nucleus. Such deposition can be 
highly asymmetrical about the nucleus, resulting in the bulk transfer of material from one part of 
the nucleus to another (Keller et al. 2017; Lai et al. 2017). Regions of accumulated “fall back” 
material form smooth terrains on JFC nuclei, which contrast with  rough, “rocky” source terrains 
and non-depositional terrains (Keller et al. 2017; Lai et al. 2017). These two general terrain 
types have been observed on all five Jupiter Family Comets visited by spacecraft (Soderblom et 
al. 2002; Brownlee et al. 2004; Thomas et al. 2007; A’Hearn et al. 2011; Thomas et al, 2013; 
Thomas et al. 2015), suggesting that such ballistic material transport is a dominant, ubiquitous 
process evolving the surfaces of JFCs.  

However, the Deep Impact spacecraft, which flew by comet Hartley 2 as part of its 
EPOXI extended mission, observed that this simple picture can be quite complicated. EPOXI 
revealed that Hartley 2’s nucleus is bilobate (i.e., shaped like a bowling pin), has CO2-driven 
cometary activity concentrated at the tip of its small lobe, and is covered in knobby and smooth 
terrains (see Figure 1; A’Hearn et al. 2011; Bruck Syal et al. 2013). Unlike all other observed 

comets (e.g., Soderblom et al. 2004; 
Brownlee et al. 2004; Sekanina et 
al. 2004; A’Hearn et al. 2005; 
Farnham et al. 2007; Sierks et al. 
2015), the smooth terrains on 
Hartley 2 show a strong dichotomy 
in their activity. Whereas Hartley 
2’s smooth Waist terrain dominates 
water production from the nucleus, 
its Central Mound terrain is nearly 
inert (see Fig. 2; A’Hearn et al. 
2011; Bruck Syal et al. 2013; Feaga 
et al. 2017; Holt et al. 2018).  

This seems to be 
inconsistent with Hartley 2’s small 
lobe activity, which is actively 
ejecting ice-rich, decimeter-sized 

 
Figure 2: CO2-driven activity is ejecting icy grains off 
of comet 103P/Hartley 2’s surface. H2O vapor emanates 
only from the smooth waist terrain that connects Hartley 
2’s two lobes, suggesting a process that preferentially 
deposits ice-rich grains on the waist, and ice-poor grains 
elsewhere. (Figure modified from A’Hearn et al. 2011) 
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grains (A’Hearn et al. 2011; Kelley et al. 2013, 2015).  Such grains would be expected to fall 
back indiscriminately on the nucleus, delivering H2O-ice capable of driving subsequent cometary 
activity. The dichotomy is unlikely to be due to this ice transport mechanism turning itself on/off 
over short timescales, as Hartley 2’s CO2 production rates have been rather constant over several 
apparitions (A’Hearn et al. 2011; Colangeli et al. 1999) and its secular light curve from its 1991, 
1997, and 2004 apparitions do not show any unexplained variability (Ferrín, 2010), suggesting 
that Hartley 2’s small lobe activity has likely been consistently in ejecting H2O-rich grains over 
every apparition since its discovery. Thus, some enigmatic process must be either selecting 
the ice-rich grains to only land on certain parts of the nucleus, or removing the ice 
component from the grains that deposit on the volatile-poor part of the nucleus. Our 
preliminary work suggests that larger, ice-rich grains tend to land near the small lobe, in the 
Waist terrain, while smaller, ice-poor grains tend to travel farther, landing in the Central Mound 
terrain. We propose to investigate how material transported to Hartley 2’s smooth terrains are 
ballistically sorted by volatile content. 

EPOXI observed Hartley 2 to be in a complex rotation state, with a rotation period about 
the principal axis of ~18 hours and about a non-principal axis of ~27 hours (Drahus et al. 2011; 
Belton et al. 2013; Knight et al. 2015). However, the brevity of the EPOXI encounter limited 
further constraining Hartley 2’s rotation state.  Further complicating matters, sublimative torques 
lengthened Hartley 2’s principal axis rotation period by 2-3 hours during the EPOXI encounter 
(A’Hearn et al. 2011; Drahus et al. 2011; Knight & Schleicher, 2011; Knight et al. 2015), and its 
non-principal axis rotation period by a smaller amount (Belton et al. 2013). Although Hartley 2’s 
principal-axis rotation period was ~12 hours when the comet was discovered in 1986 (Steckloff et 
al. 2016), the rotation state of the nucleus during apparitions between discovery and the EPOXI 
flyby are unmeasured and unknown. However, the ballistic trajectories of ejected grains, and 
thus the location and depth of smooth terrains, is sensitive to the rotation state of the nucleus 
(e.g., Hirabayashi et al. 2016). We propose to investigate how the location and appearance of 
smooth terrains on Hartley 2 depends on rotation state, and explore how Hartley 2’s observed 
smooth terrains constrain the rotation state history of the nucleus.  

One of the largest remaining mysteries of Hartley 2 is the nature of the unimaged side of 
the nucleus.  The general shape of the unimaged side is known to within ~30 m (Thomas et al. 
2013) and activity from the unimaged side is a minor contributor to Hartley 2’s cometary activity 
and depositional processes (A’Hearn et al. 2011; Feaga et l. 2017; Holt et al. 2018).  Still, the 
topography and distribution of activity on the unimaged side are unknown.  We propose to 
investigate if (and where) Hartley 2’s observed activity produces smooth, depositional terrains 
on the unimaged side of the nucleus, and explore if activity from the unimaged side is required to 
explain the observed smooth terrains of Hartley 2. 

Finally, the EPOXI encounter with Hartley 2’s nucleus lasted mere hours, providing a 
snapshot of the comet in time.  This brief encounter was incredibly fruitful, returning images of a 
comet covered in smooth terrains exhibiting a variety of surface features, including bright, likely 
volatile-rich patches, scarps, and steep-sided pits (A’Hearn et al. 2011; Bruck Syal et al. 2013).  
Nevertheless, these surface features, far from static structures, may be dynamic and changing 
over an orbit, as the Rosetta mission observed with similar structures within similar deposits of 
smooth terrains on comet 67P/Churyumov-Gerasimenko. This includes scarps that slowly retreat 
under sublimative activity (Groussin et al. 2015; Birch et al. 2018), bright patches that appear 
evolve (Groussin et al. 2015; Agarwal et al. 2017), and smooth terrains that disappear, revealing 
the underlying surface structures (El-Maarry et al. 2017).  These processes correlate with the net 
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depositional (or ejected) flux of material from these areas (Lai et al. 2017), likely providing 
insight into the evolution of Hartley 2’s observed smooth terrain surface features.  We propose to 
leverage the results of the Rosetta mission to comet 67P/Churyumov-Gerasimenko, to identify if 
similar processes are activity evolving Hartley 2’s smooth terrains over seasonal timescales. 

1.3.  Technical Approach and Methodology 
 We derived a series of science questions that achieve our science objectives, and a list of 
tasks that answer these science questions.  We created a science traceability matrix (Table 1) that 
illustrates the relationship between our science objectives, science questions, and research tasks.  
These tasks combine numerical simulation and analysis of EPOXI data.  Our numerical approach 
is, broadly, to compute the ballistic trajectories and thermodynamic evolution of grains of 
specific sizes as they impact the nucleus, and then stack simulations of various grain sizes 
(weighted by relative size frequency) to produce depositional maps of Hartley 2. Using 
properties of the ejected grains, we will be able to map deposition rates and volatile ice transport 
as a function of nucleus orbital location and rotation state.  This consideration of grain volatile 
content and the sublimative dynamics during transport expands on the approach of Lai et al. 
(2017), who successfully applied this technique to comet 67P/Churyumov-Gerasimenko. This 
will help account for the lower data resolution and volumes available in the EPOXI data set, and 
improve the accuracy of simulated grain dynamics and track the transport of volatile ices about 
the nucleus.  Furthermore, whereas Lai et al. (2017) focused on depositional mechanics around 
perihelion, we will consider depositional mechanics throughout Hartley 2’s orbit.  Away from 
perihelion, sublimative activity weakens, leading to smaller ejection speeds and thus the 
retention of a higher fraction of ejected materials by the nucleus’ gravity.  
 

Science Objective Question Task 
Investigate if the 
differences in Hartley 
2’s smooth terrain 
activity is the result 
of differences in 
deposition and 
transport processes  
 

Do the locations of the smooth 
terrains depend on LAM or SAM? 

•  Simulate transport of various sized grains 
from active areas to the nucleus under 
both LAM and SAM rotation states 

• Produce depositional maps for each case 
Does the ballistic sorting of grains by 
size lead to differences in the amount 
of water ice delivered to the smooth 
areas? 

• Simulate sublimative evolution of ejected 
icy grains of various sizes during 
transport and constrain grain properties  

• Produce map of H2O deposition 
Do the smooth terrains and active 
areas exist on Hartley 2’s unimaged 
side?  

• Compute depositional terrain locations   
• Compute if effects of unobserved activity 

are needed to explain observed terrains 
Explore how changes 
in Hartley 2’s 
rotation state affect 
location, composition, 
and depth of its 
smooth terrains 
 

Do the locations, composition, and 
depositional fluxes of material to 
smooth regions change with Hartley 
2’s rotation state? 

• Vary rotation state, including varying 
both SAM and LAM 

• Compare with observations to constrain 
rotation state at deposition 

Do smooth terrain locations constrain 
the rotation state history of Hartley 
2? 

• Compare depositional maps with 
observational constraints on locations and 
depth of smooth terrains 

Identify if processes 
active on 67P are 
evolving Hartley 2’s 
smooth terrains  

Do the time-resolved observations of 
comet 67P suggest any geophysical 
processes actively evolving Hartley 
2’s smooth terrains? 

• Compare mass transport and depositional 
terrain properties between comets; check 
if observed surface processes on 67P are 
consistent with Hartley 2 observations 

Table 1: Science Traceability Matrix. This table illustrates how our proposed tasks answer our 
science questions and science objectives, and lists the delivered outputs of each task. 
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We will then compare these maps with EPOXI observations of Hartley 2, to understand how 
Hartley 2’s smooth terrains form and evolve.  We will leverage the results of the Rosetta mission 
by comparing our results with similar results of comet 67P/Churyumov-Gerasimenko (e.g., 
Auger et al. 2015; Lai et al. 2017), to see if processes observed on 67P (e.g., Groussin et al. 
2015; Agarwal et al. 2017; El-Maarry et al. 2017; Birch et al. 2018) are also active on Hartley 2 
and evolving its terrains.  

The PLUME code 
To study the dynamics of ejected grains, we will use our PLUME code. PLUME simulates 

the ballistic dynamics of grains ejected from Hartley 2’s nucleus through sublimative outgassing, 
to determine their depositional locations. PLUME tracks the grains’ ballistic motion under the 
influence of the comet’s gravity. Our code tracks the trajectories of ejected grains by first 
distributing 7200 tracer particles about the active region of the comet, each of which represents a 
unique location and ejection direction. The trajectory of each ejected tracer particle is then 
computed numerically using a Bulirsh-Stoer ODE integrator (Richardson extrapolation) taken 
from Press et al. (1993). We compute the gravitational force of the comet nucleus on each tracer, 
at each major and minor time-step, using the published shape model of Comet Hartley 2 
(Farnham & Thomas, 2013) and the polygon surface integration technique (Werner, 1994; 
Werner & Scheeres, 1996). Major time-steps are variable, which we use to limit the motion of 

 
Figure 3: Initial dynamical simulation of cohort of grains ejected from Hartley 2’s 
dominant small lobe active area at 50% of escape velocity (other active areas were left out 
of this initial simulation for computational efficiency). (top left) grains ejected from trailing 
side of small lobe have significantly smaller velocity than those ejected from leading side. 
(top middle) Initial slow grains begin to deposit onto smooth waist within ~8 hours (SDB 
mode). (top right) remaining grains rapidly steak into a stream. (bottom left) Nucleus slowly 
deposits samples from this stream as nucleus rotates within it (OSS mode). Within ~60 
hours, stream particles begin to steadily deposit about the nucleus. (bottom center) Within 
~3 days, the nucleus has been coated with stream material. (bottom right) Cohort of grains 
maintain an identifiable stream for more than a week. 
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fast tracers to a maximum specified distance per step (50 m for our preliminary runs).  This 
facilitates accurate collision detection with the surface. Minor time-steps are automatically 
selected by the integrator to maintain motion accuracy. Integrations proceed until either all 
particles have landed or exited the gravitational sphere of influence of the system. For the sake of 
our preliminary work, we also stop the simulation after 10,000 time-steps have elapsed. Our code 
also allows us to include solar radiation pressure into the dynamical motion of each grain using a 
user-supplied ephemeris of sun position and distance from the comet-system frame at each 
integration step. Our code tracks the amount of water ice in the ejected grains, and computes the 
sublimative “rocket effect” that pushes ice-rich grains antisunward (e.g., Kelley et al. 2013, 
2015; Agarwal et al. 2016) using the method of Steckloff et al. (2015). Our code accounts for 
Hartley 2’s complex, non-principal axis rotation state (A’Hearn et al. 2011; Belton et al. 2013), 
which causes the nucleus to roll or rock (depending on non-principal axis mode) like a rolling 
pin as it spins about its principal axis.  

Computing the sublimative gas field away from the surface of the nucleus is unnecessary for 
our purposes and computationally expensive. Although fine grains are accelerated by the gas for 
hundreds of kilometers out from the nucleus, larger, ice-rich grains are much less responsive to 
distant gas drag forces. Instead, these larger grains are predominantly accelerated to their final 
velocities when they are very close to the nucleus (where the gas densities are an order of 
magnitude greater (e.g., Fougere et al. 2013). We are currently adding a routine into our code 
that prevents grains from landing on an actively outgassing region if the outgassing drag forces 
exceed the effective gravitational force. This allows us to greatly simplify the numerical 
modeling to a manageable computation by assuming that all ejected grains leave the nucleus with 
their final velocities (rather than accelerate outward due to gas drag).  Lai et al. (2017) found that 
simulating grain bouncing following nucleus impact had little effect on depositional patterns 
across the nucleus.  Accordingly, we will neglect grain bouncing to save on computational effort. 
 

1.3.1. Objective 1: Investigate if the differences in Hartley 2’s smooth terrain 
activity is the result of differences in deposition and transport processes  

Our preliminary results suggest that two distinct modes of mass transport on Hartley 2 
may explain the dichotomy in activity levels of Hartley 2’s depositional terrains. The short-
duration ballistics (SDB) mode results from low-speed grains ejected from the small lobe active 
area, which tend to impact the surface within ~12 hours. These grains tend to land near the waist 
of Hartley 2, avoiding the central mound terrain on the large lobe entirely. Meanwhile, grains 
ejected at higher speeds tend to enter the orbital stream sampling (OSS) mode. The rotating 
bilobate shape of Hartley 2 stretches a cohort of OSS grains into a long stream of orbiting grains, 
which slowly deposit onto the nucleus after spending several days to weeks exposed to the sun in 
the stream. We find that, while both SDB and OSS mode grains deposit onto the waist of Hartley 
2, only OSS mode grains deposit onto the central mound. 

This difference in deposition may explain Hartley 2’s activity dichotomy. Because gas 
drag forces depend on the area of a grain (~R2) while gravitational forces depend on a grain’s 
volume (~R3), the ejection velocity of grains is strongly size-dependent. Thus, grains in the SDB 
mode tend to be much larger, and thus contain more ice than the OSS grains. Additionally, the 
long duration exposure of OSS grains to the Sun prior to deposition allows sublimation to further 
devolatilize these grains. These two effects combine to significantly limit the amount of H2O ice 
transported to the central mound terrain. 
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To investigate this process, we will first determine the physical properties of the ejected 
grains using modeling and observations.  We will then numerically simulate the thermophysical 
evolution of ejected grains and map the depositional fluxes of ice and dust onto the surface, 
which we can compare with EPOXI observations of Hartley 2. 
 

Task 1.1 – Determine the physical properties of the ejected grains 
Four properties of the ejected grains need to be known to properly model this mass transport 

process: ejected grain velocity distribution, grain size-frequency distribution (SFD), grain ice 
content, and total mass loss rate. This is a well-constrained task; there are six measured dust 
properties that fully constrain these icy grain properties. The average grain velocity and velocity 
distribution was directly measured by the Arecibo Observatory (dopplar-shifted radial velocities; 
Harmon et al. 2011) and through stereoimaging techniques (Hermalyn et al. 2013). These two 
techniques produced results consistent with one another (Hermalyn et al. 2013), producing two 
velocity constraints from different viewing geometries. The SFD of these grains in the coma 
(Kelley et al. 2013, 2015) constrains the SFD of the grains ejected from the surface. The icy 
grain H2O production rate (Kelley et al. 2013, 2015; Feaga et al. 2017) constrains both the initial 
ice content of the icy grains and the total mass of the grains. Arecibo observations also measured 
the Grain halo scattering cross-section (relative to the nucleus; Harmon et al. 2011), constraining 
both the SFD total mass of the ejected grains. Finally, EPOXI measured the total mass loss rate 
from Hartley 2 during the flyby (e.g., Thomas et al. 2013). 
The ejected grains have a differential size frequency distribution with a power-law slope of -4.7 
(Kelley et al. 2013; 2015), which means that smaller grains are relatively more numerous than in 
the -3.7 differential power-law index of the boulders on the surface of Hartley 2 (Pajola et al. 
2016). This exact difference is expected, as the net force (gas drag plus gravity) scales linearly 
with grain size, resulting in an expected difference between these two power-law indices of one. 
We therefore expect the derived SFD of the ejected grains to be a power law with an 
approximate slope of -3.7. 

We will use our numerical model to fit these constraints, to understand how the observed 
grains in Hartley 2’s coma relates to the properties of materials ejected from its nucleus. We will 
start by using the observed spread in the velocity distribution to define the spread in the initial 
ejection velocities of the grains. We will vary the ejection velocity distribution of the grains until 
they match the spread in the observed grain velocity distribution. Because the average 
antisunward velocity of the grain halo is due to the sublimative rocket effect (e.g., Kelley et al. 
2013, 2015), we will vary the initial water ice content of the grains until we obtain an estimate of 
the grain water content that produces grain halo velocities and volatile production rates that 

 
Figure 4: Diagram of observables on Hartley 2 and the physical properties they constrain. 
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match observations. We will then use the observed SFD of the coma grains to constrain the SFD 
of the ejected grains, and use the grain scattering cross section and mass loss estimates to 
constrain the ejected grain mass loss rate. Once we have computed the ejected grain properties, 
we will varying one to two parameters at a time to understand the sensitivity of our model to 
individual parameters, thereby characterizing the uncertainty in our model results. 

Although fitting the properties of the ejected grains only requires us to run the grain 
dynamics simulations long enough to measure their stable dynamical properties, this is 
inherently a computationally intensive task. From our preliminary work, we anticipate that 4-6 
rounds of approximately 32 simulations will be required to find a best fit to these material 
parameters. With our current equipment, we can run only a few simulations simultaneously, 
requiring approximately 6-8 rounds of simulations that each last up to ~2 weeks plus another 
week for analysis (up to ~24 weeks total). To drastically reduce the expense of this task, we will 
instead complete these simulations on a dedicated computational workstation purposely chosen 
for this proposed work. We will use a dual Intel Xenon E5-2600 CPU workstation with sufficient 
logic cores and resources to simultaneously run 30 simulations. This reduces the duration of each 
simulation round to only ~1 week, and only requires ~4-6 rounds plus a week for processing. We 
therefore budget 12 weeks for this task. 

 

Task 1.2 – Compute the ice and dust depositional mass flux on Hartley 2 
Once the physical properties of the ejected grains are well understood, the number of free 

parameters in our simulation reduce to the rotation state of the nucleus and uncertainly in the 
nucleus density of 300 ± 100 kg/m3 (A’Hearn et al. 2011; Thomas et al. 2013; Richardson & 
Bowling, 2014). We summarize the parameter space of this computational effort in Table 2. 

Hartley 2’s complex rotation state had a mean principle axis rotation period of 18.34 
hours during EPOXI’s closest approach (A’Hearn et al. 2011).  However, this period varied over 
the months-long EPOXI encounter from 16.5 hours (16.1-16.7 hours; Meech et al. 2011; Knight 
et al. 2015) to nearly 19 hours as the nucleus spun down (e.g., Knight & Schliecher et al. 2011; 
Knight et al. 2015), consistent with a secular increate of Hartley 2’s principal axis rotation period 
of up to three hours per orbit (Drahus et al. 2011; Belton et al. 2013).   However, observations 
were unable to determine if Hartley 2’s non-principal axis rotation state is in a long-axis mode 
(LAM) or short-axis mode (SAM). Although Belton et al. (2013) argued that Hartley 2’s nucleus 
is in a long-axis mode of rotation, Samarasinha et al. (2012) and Knight et al. (2015) argue that a 
short-axis mode of rotation could not be ruled out. Regardless, the non-principal axis rotation 
period did not change significantly over the EPOXI encounter (Belton et al. 2013). 

To understand how Hartley 2’s rotation state affects grain transport and deposition during 
the orbit of the EPOXI encounter, we will need to consider the lengthening of Hartley 2’s 
principle axis rotation period, and the uncertainties in its non-principal axis rotation state.  We 
will simulate principal axis rotation periods between 16 and 19 hours, and will simulate both 

Physical Property Parameter Space 
Nucleus Bulk Density 200, 300, 400 kg/m3 

Principal Axis Rotation Period 16, 17, 18, 19 hours 
Non-principal Axis Rotation Period 28 hours (both LAM or SAM) 

 Table 2: A list of the parameters to be explored in Objective 1. This represents a parameter 
space with 30 distinct cases to be explored in our investigation. Our preliminary work found 
that materials ejected slower/faster than this range of parameters either fell back onto the 
active area (and wasn’t transported) or escaped the system entirely. 
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LAM and SAM modes of non-principal axis rotation. Despite dramatic secular changes, Hartley 
2’s rotation state changes little over our simulations (which model ~1 week of time), allowing us 
to use a non-changing rotation state in our models.  The strength of the sublimation driven 
ejection of grains, and their subsequent sublimative evolution in the coma depend on the 
intensity of solar insolation, and thus Hartley 2’s location in its orbit.  Nevertheless, this does not 
introduce a new free parameter into our modeling effort, as the comet’s orbital location and 
rotation state are tied to one another (e.g., Knight et al. 2015). 
Our modeling effort uses our PLUME code to simulate the ejection and transport of grains of a 
specified size.   We will run a suite of 
simulations for different grain sizes to 
form a basis set of depositional maps 
across Hartley 2’s surface as a 
function of rotation state/orbital 
location and nucleus density.  We will 
then stack and weight these basis 
maps by grain size-frequency 
distribution, to map the net 
depositional dust and volatile ice 
fluxes at a particular orbital location, 
also as a function of nucleus density 
(see Figure 5 for similar basis maps 
and net depositional flux maps for 
comet 67P from Lai et al. 2017).  
Lastly, we will produce orbitally 
averaged depositional flux maps of 
Hartley 2 by stacking and weighting 
these net depositional flux maps as a 
function of Hartley 2’s orbital motion 
(time spent near considered orbital 
locations).   

Unlike our simplified 
preliminary simulations, these 
simulations will allow for continuous 
ejection of icy dust from the active 
areas when illuminated. We will 
explore the parameter space defined 
in Table 1, which has 24 distinct 
cases to simulate. Each of these cases explores a distinct nucleus bulk density (with error bars) 
and rotation period (and associated orbital location) during the EPOXI encounter. We anticipate 
simulating two additional orbital locations to increase the orbital resolution of our modeling 
effort, with the exact orbital locations (and associated rotation state) to be determined following 
the results of our initial runs.  Thus, we anticipate simulating a total of 36 distinct cases, which 
we anticipate will require ~4-6 weeks of effort to run on the modeling workstation computer 
dedicated to this proposed work. 

 

Task 1.3 – Compare with EPOXI observations of Hartley 2 

 
Figure 5: August 2015 basis set of size-dependent 
depositional maps (top) and net depositional map 
(bottom) of comet 67P/Churyumov-Gerasimenko, 
from Lai et al. (2017). We will follow this same 
procedure, first producing basis maps for individual 
(binned) grain sizes, then weight and stack them 
using the grain size-frequency distribution, to map 
the depositional flux of dust and volatile ices. 
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We will compare both these maps at specific orbital locations and the orbitally averaged 
maps with EPOXI’s observed locations, photometric properties, and volatile production rates of 
Hartley 2’s smooth terrains.  In particular, we will test if this ballistic transport accounts for the 
observed dichotomy of Hartley 2’s smooth terrain volatile content. We will compute the relative 
sublimative mass-loss rate using the sublimation model of Steckloff et al. (2015), and compare 
these outgassing computations with published H2O production rates (e.g., A’Hearn et al. 2011; 
Feaga et al. 2017) to determine the importance of the ballistic transport mechanism in creating 
Hartley 2’s smooth terrain dichotomy.  We will also explore whether LAM or SAM non-
principal axis rotation states produce depositional patterns that better match observations.  
Similarly, we will check the sensitivity of these depositional patterns on nucleus bulk density, 
which may place independent constraints on Hartley 2’s bulk nucleus density. 

We expect this investigation to reveal the locations (if any) of smooth depositional 
terrains on the unimaged side of Hartley 2’s nucleus, a major outstanding question of Hartley 2’s 
surface structure and appearance.  When such terrains are illuminated, exposed volatile ices will 
sublimate and contribute to the observed sublimative flux of volatiles at Hartley 2.  We will 
therefore compare such volatile production with long-term monitoring of Hartley 2’s volatile 
production rates (e.g., Holt et al. 2018), to check for consistency.  We may find that the observed 
volatile production rates and depositional flux maps require additional active areas from the 
unimaged side of the nucleus.  In such a case, we will rerun our simulations with idealized active 
areas on the unimaged side, using volatile production curves to constrain the volatile production 
rates (and thus, size) of any such active areas.  We will try simplified cases with active areas in 
different locations on the unimaged side of the nucleus, to see if a rough location and size can be 
placed on active sites on the unimaged side of the nucleus.  We budget 2-3 weeks of effort to 
explore these cases.  If it turns out that no active sites on the unimaged side of the nucleus are 
required to match observations of Hartley 2, we will instead use this effort to improve our 
depositional mapping effort (e.g., by simulating additional orbital locations/rotation states). 

 

1.3.2. Objective 2: Explore how changes in Hartley 2’s rotation state affect 
location, composition, and depth of its smooth terrains 

Because the location of grain deposition is sensitive to the rotation state of the nucleus, 
the locations, properties, and volatile content of depositional terrains is likely to change as 
Hartley 2’s rotation state changes over time.  Thus, different quantities of volatile ices may have 
been transported to Hartley 2’s depositional terrains in the past (possibly helping to explain the 
dichotomy in smooth terrain activity).  The locations of depositional terrains may have even been 
entirely different under past rotation states (Steckloff et al. 2016).  Understanding how previous 
rotation states affect depositional mechanics and the locations of smooth terrains is therefore 
critically important to understand how Hartley 2’s surface evolves over time, and may even place 
constraints on Hartley 2’s rotation state history.    

To explore how Hartley 2’s changing rotation state affects the depositional process, we 
propose to conduct a series of simulations very similar to those of Objective 1, but considering 
principal axis rotation periods as short as 11 hours, at which the surface of the nucleus becomes 
unstable and experiences massive avalanches that excavate into (and likely triggered) Hartley 2’s 
dominant, CO2-driven activity (Steckloff et al. 2016).  Given that internal stresses likely damp 
out non-principal axis rotation states over secular timescales (e.g., Scheeres and Jacobson, 
2012), the observed non-principal axis rotation state observed during the EPOXI encounter is 
likely representative of Hartley 2’s previous non-principal axis rotation states.  Nevertheless, we 
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will also consider a small range of non-principal axis rotation states.  This study will produce 
depositional basis sets and maps as a function of rotation state and orbital location.  When 
compared with EPOXI observations of Hartley 2, this will independently constrain how long (or 
how briefly) Hartley 2 spent in a given rotation state.  
 

Task 2.1 – – Produce depositional maps of previous rotation states 
 To explore how Hartley 2’s changing rotation state affects the depositional process, we 
will again use PLUME to produce depositional maps of likely previous rotation states. It is 
poorly known how Hartley 2’s past rotation states correlate with orbital location.  We therefore 
will simulate and produce depositional maps of each considered rotation state at multiple places 
in Hartley 2’s orbit.  We will consider principal axis rotation periods of 11-16 hours, and will 
simulate both LAM and SAM non-principal axis rotation states.  We will again consider nucleus 
bulk density over the range of 300 ± 100 kg/m3.  We budget 6-8 weeks of effort to complete 
these simulations and produce depositional basis sets and maps of net depositional as a function 
of rotation state, nucleus density, and orbital location.  We anticipate that our results from 
Objective 1 will reveal that depositional patterns and mechanics are either insensitive to 
variations in some of our simulation parameters (i.e., rotation state, bulk density), or cause 
results to change in a predictable pattern (as results from nearly all modeling studies).  This 
partially offsets the computational effort required to complete this task.  
 

Task 2.2 – Compare with EPOXI observations of Hartley 2 
Deposited materials slowly fill in the low-lying areas of a terrain (akin to snowfall), and 

can eventually cover the terrain with a smooth blanket of depositional material.  Because 
boulders and other topographic features on the surfaces of comets have aspect ratios typically on 
the order of unity, the presence/absence of a visibly rough surface places general constraints on 
either the minimum/maximum depth of deposited material.  The MRI instrument returned 
images of Hartley 2’s smooth terrains with resolutions a fine as 6.7 m/px.  Thus, terrains that 
appear smooth at this resolution must have accumulated at least ~6.7 m of material, whereas 
rough surfaces would have accumulated less than ~6.7 m of material.  Similarly, larger-scale 
roughness, such as boulders up to 40 m across can constrain depositional material depths 
approximately equal to their dimensions.  Although the HRI instrument achieved meter-scale 
resolution of Hartley 2’s smooth terrains, we will not use the HRI dataset due to artifacts 
resulting from the deconvolution procedure (to correct for focusing errors of the instrument).  
 As the nucleus rotation state changes, the locations and rates of material deposition likely 
change.  Using surface roughness constraints and our depositional maps, we will explore the 
minimum/maximum time that the nucleus experienced in each rotation state.  In particular, we 
will be exploring how such constraints correlate with rotation state-dependent changes in Hartley 
2’s depositional fluxes, to determine if the nucleus had lingered in any particular rotation states, 
or alternatively if the nucleus evolved quickly through certain rotation states. 

Although this likely will not itself produce a unique solution to Hartley 2’s rotation state 
evolution, this will independently constrain the evolutionary paths that the nucleus spin state may 
have taken.  Furthermore, it will allow such evolutionary paths to be tested using nucleus 
morphology. The activity distribution and secular rotation state changes during the EPOXI 
encounter suggest that Hartley 2 had a principal axis rotation state of only ~11 hours ~3-4 orbits 
prior to the EPOXI encounter.  We will test if these surface roughness constraints are consistent 
with either a smooth, secular change in Hartley 2’s principal axis rotation state, or with an 
episodic change in the rotation state that peaks at perihelion (as was observed during the EPOXI 
encounter; e.g., Knight et al. 2015). 
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1.3.3. Objective 3: Identify if processes active on 67P/Churyumov-Gerasimenko are 
also actively evolving Hartley 2’s smooth terrains 

Although the EPOXI flyby 
of 103P/Hartley 2 provided 
unprecedented reconnaissance into 
a hyperactive comet, this data set is 
inherently constrained by the limits 
of a flyby mission, which observes 
a snapshot of these terrains.  EPOXI 
was unable to observe surface 
changes nor directly detect the 
geophysical processes driving them.  
Nevertheless, the recent Rosetta 
mission orbited comet 
67P/Churyumov-Gerasimenko for 
two years, recovering detailed, 
time-resolved observations of 
depositional terrains on its surface.  
67P’s depositional terrains contain 
surface features similar to those 
observed on comet Hartley 2, such 
as large boulders, bright patches, 
scarps, and pits (see figure 7; Auger 
et al. 2015; Agarwal et al. 2017).  
67P’s smooth terrains changed 
slowly over the course of an orbit, 
with volatile-rich scarps retreating 
at ~0.1 mm/s (Groussin et al. 2015; Birch et al. 2018), bright, volatile-rich patches appearing for 
short periods of time (e.g., Agarwal et al. 2017), and activity that slowly removed depositional 
materials, uncovering the surface structure below (El-Maarry et al. 2017).   

The depositional maps of Lai et al. (2017) near perihelion correlate with these observed 
changes.  The smooth terrains, which accumulated material during the majority of the comet’s 
orbit away from perihelion experience a net loss of material (negative deposition rate) during 
perihelion passage (Lai et al. 2017), which corresponds with the observed excavation of surface 
features do to removal of the overlying smooth materials (El-Maarry et al. 2017).  Around this 
same time, volatile-rich scarps moved and retreated on the surface of Imhotep’s smooth terrains 
(Groussin et al. 2015) under the effects of primary and secondary heating (Birch et al. 2018).  

This connection between observed surface changes and depositional/illumination 
conditions means that we can use what was learned during the Rosetta encounter with 67P to 
understand how the surface of comet 103P/Hartley 2 is changing and evolving over time.  
 

Task 3.1 – Compare Hartley 2 depositional maps and surface features with 67P 
 Once deconvolved to correct for instrument focusing errors, the HRI instrument provided 
the highest resolution observations of Hartley 2’s surface (~1.8 m/px).  These images revealed 
the smooth terrains to exhibit complex surface morphologies, including flat floored pits, bright 

 
Figure 6: Geologic map of 67P’s Imhotep Basin (figure 
2 of Auger et al. 2015). The Imhotep Basin contains 
smooth, depositional terrains similar morphologically to 
Hartley 2’s smooth terrains, showing bright patches, 
boulders, lineaments/scarps (Auger et al. 2015), and 
small pits (Agarwal et al. 2017). These lineaments/scarps 
underwent sublimation-driven scarp retreat (Groussin et 
al. 2015; Birch et al. 2018), with similar activity 
observed within the pits (Agarwal et al. 2017) 
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terrains consistent with ice-rich surface patches, scarps associated with jets, and large boulders 
that separate the smooth waist from the 
smooth central mount terrain (see figure 6; 
Bruck Syal et al. 2013). These observed 
features are suggestive of active 
geophysical processes such at scarp retreat, 
pit growth, and excavation or deposition of 
icy grains onto the surface.  Nevertheless, 
these processes are thought to be driven by 
solar insolation and sublimative activity, 
which could not be observed due to the 
orientation of these terrains away from the 
limb and lack of knowledge of volatile 
content of the materials composing these 
terrains.   

We will compare HRI and MRI 
images of these surface features with our 
depositional maps, to understand how 
much dust and volatiles are delivered to 
these areas, which would indicate if these 
surface features can be the result of 
sublimative activity.  We will then compare 
our depositional maps and HRI and MRI 
observations of Hartley 2 with 67P, to 
understand if similarities exist in 
depositional fluxes, illumination 
conditions, sublimative fluxes, and surface 
morphologies that would suggest that these same processes are active on Hartley 2 as well.  
 

1.4. Science Closure and Perceived Impact 
 This proposed will explore the depositional processes that created Hartley 2’s smooth 
terrains, and identify the geophysical processes that further evolve them.  Over the course of this 
work, we will investigate how the mechanics of these depositional processes create the observed 
dichotomy in Hartley 2’s smooth terrain activity (a dichotomy not observed on any other comet).  
The nature of Hartley 2’s rotation state evolution is poorly understood, and an active area of 
research. Through our robust investigation, we will explore any constraints that this depositional 
process and EPOXI observations place on Hartley 2’s rotation state and rotation state evolution, 
which will be inherently independent from all current research projects into Hartley 2’s rotation 
state, which depend on light curves, coma morphologies, and other earth-based observations of 
the comet.  Furthermore, our proposed work will shed light onto the unimaged side of Hartley 
2’s nucleus.  We will identify any regions on the unimaged side that are depositional (suggesting 
smooth, depositional terrains), and will explore if Hartley 2’s smooth terrains require 
contributions from active areas on the unimaged side of the nucleus.  Finally, we will attempt to 
expand upon EPOXI’s snapshot of Hartley 2.  We will leverage results of the Rosetta orbital 
mission to comet 67P/Churyumov-Gerasimenko, to understand what geophysical processes are 

 
Figure 7: Figure 7b from Bruck Syal et al. 
2013. Using the deconvolved HRI images, 
Bruck Syal et al. (2013) mapped out the surface 
features within and surrounding Hartley 2’s 
imaged smooth terrains. Showing numerous 
boulders (B1-B9), bright patches (BB), scarps 
(S1, S2), and pits (p1, p2).   
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actively evolving Hartley 2’s observed smooth terrains.   All of this is critical to understanding 
the geophysical evolution of Hartley 2 in the inner Solar System. 
 We anticipate that this work will help to understand how Hartley 2 is similar and/or 
different to other comet nuclei visited by spacecraft, which all exhibit smooth depositional 
terrains. However, Hartley 2’s are unique in the dichotomy of activity that they exhibit across a 
single object. Aside from the SDB and OSS deposition modes, the formation of smooth terrains 
across a body are expected to share 
similar origins. Therefore, by 
studying Hartley 2’s smooth 
terrains, we will be better able to 
understand the formation and 
evolution of smooth terrains on 
other comet nuclei.  

Finally, comet 19P/Borrelly 
has a similar overall shape as 
Hartley 2, and also contains a large 
smooth terrain on its large lobe that 
is similar in extent and location to 
Hartley 2’s central mound terrain 
(Soderblom et al. 2004). However, 
unlike Hartley 2, this smooth terrain 
is active (Soderblom et al. 2004), 
similar to other smooth depositional 
terrains on comets (e.g., Soderblom 
et al. 2004; Brownlee et al. 2004; 
Sekanina et al. 2004; A’Hearn et al. 
2005; Farnham et al. 2007; Sierks 
et al. 2015). This work will help 
explain why comet Hartley 2’s 
activity is so different than 
Borrelly’s, despite similarities in 
shape and general morphology. 

1.5. Relevance to Discovery Data Analysis Program 
The Discovery Data Analysis Program (DDAP) solicitation calls for research whose 

“efforts are primarily analysis of planetary mission data”, including “theory, modeling, [… and] 
correlative analyses”. This proposed work will exclusively utilize the EPOXI mission’s Derived 
Shape Model of 103P/Hartley 2 and calibrated EPOXI MRI and HRI observations of Hartley 2 
near closest approach, which are available on the PDS, and therefore are within the scope of the 
DDAP.  Furthermore, a small part of the proposed work will compare EPOXI observations of 
Hartley 2 with published analyses of 67P/Churyumov-Gerasimenko, but will not analyze Rosetta 
data, in compliance with the scope of the DDAP program.  

1.6. General Plan of Work 
Dr. Jordan Steckloff (PI) is an expert in sublimative and geophysical processes on the 

surfaces of comets. Dr. James Richardson (Co-I) is an expert on ballistic ejecta transport and 

 
Figure 7: The nuclei of comets 19P/Borrelly (left) and 
103P/Hartley 2 (right). The images are not to scale, 
and the image of comet Borrelly has been stretched to 
match the viewing geometry of the image of Hartley 2. 
We see that these two comets have very similar shapes 
and surface morphologies. Indeed, Borrelly also 
contains a smooth deposit in the center of its large 
lobe. Our investigation will determine why Hartley 2 
behaves so differently, in spite of its similar shape and 
general surface morphology. 
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trajectory computations on small bodies such as comets. Dr. Samuel Birch (Co-I) is an expert in 
photometric, clinometric, and surface roughness analysis of images of cometary surfaces. Dr. 
Steckloff has enlisted the help of Dr. Masatoshi Hirabayashi (Collab.), Dr. Jason Soderblom 
(Collab.), Dr. Randolph Kirk (Collab.), Dr. Dennis Bodewits (Collab.), and Dr. Michael Combi 
(Collab.), all of whom have agreed to collaborate in our effort.  Dr. Hirabayashi, is an expert in 
computing ballistic trajectories of ejected particles on rotating small bodies, and worked with Dr. 
Steckloff to conduct preliminary work on ballistic transport of ejected grains on Comet Hartley 
2.  Dr. Soderblom and Dr. Bodewits are experts in photometric analysis of planetary surfaces, 
and Dr. Bodewits is particularly familiar with the EPOXI dataset of Hartley 2. Dr. Kirk is an 
expert in clinometric and roughness analysis of cometary surfaces, and wrote the algorithms that 
Dr. Birch now uses for his analysis. Lastly, Dr. Combi is an expert in modeling volatile emission 
from cometary surfaces, and is currently working on a project to model the release of volatiles 
from the surface of comet Hartley 2.  

Dr. Steckloff is responsible for assuring the goals of this project are met. Dr. Steckloff and 
Dr. Richardson are responsible for conducting all proposed numerical simulations. Drs. Steckloff 
and Richardson will discuss model parameters, and Dr. Richardson will initialize and run all 
simulations. Dr. Richardson will assist Dr. Steckloff in analyzing simulation results, consulting 
Dr. Hirabayashi as needed. Dr. Steckloff will assist Dr. Birch to compare simulations and model 
results with EPOXI observations of comet Hartley 2, consulting Drs. Soderblom, Kirk, 
Bodewits, and Combi, as needed. Dr. Steckloff will be responsible for producing depositional 
maps from model results. Dr. Steckloff will be primarily responsible for writing two 
publications: one discussing if the differences in Hartley 2’s smooth terrain activity is the result 
of depositional differences (Objective 1), and another discussing how changes in Hartley 2’s 
rotation state affect this depositional process (Objective 2).  Dr. Birch will be primarily 
responsible for writing a publication comparing Hartley 2’s transport and deposition mechanics 
with those of 67P, all team members will contribute to all three publications. 

The Table below shows the allocation of effort, including responsibilities, milestones, and 
references to detailed methodology discussed earlier in the proposal. Efforts are based on 
estimates provided by team members for projects of comparable magnitude. 

 
*All tasks will be primarily completed by PI and Co-Is. Collaborators will be consulted for input 

on background and context of work for publications.  

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 JKS JER SB JMS RK MH DB MC
Constrain Grain Properties 12 6 1 - - * * *
Create Depositional Maps 6 6 1 * - * - -
Compare with EPOXI obs. 4 4 4 * * - * *

Publish I 3 1 1 * * * * *
Create Depositional Maps 12 12 1 - - * - -
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