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Introduction:  Pluto’s interaction with the solar 
wind is determined by the rate of photoionization of 
Pluto’s escaping neutral atmosphere. If the escape flux 
from Pluto is very weak then we expect a Venus-like 
interaction with the solar wind being deflected by iono-
spheric currents. Recent models suggest that exobase of 
Pluto’s atmosphere is high above the surface (at ~10 
RPluto) and that the escape flux is as recently estimated 
to be 2-5 x 1027 N2 molecules per second (Strobel 2008; 
Tucker et al. 2012; Erwin et al. 2013). This means that, 
from a plasma-interaction viewpoint, Pluto is effective-
ly an enormous comet (Bagenal and McNutt 1989). 

          

Sketch of the interaction from Bagenal & McNutt 
(1989). 

 
Variability:  In a cometary interaction, where the 

solar wind is slowed and deflected due to momentum-
loading by fresh ionization, the spatial scale of the in-
teraction is directly proportional to the atmospheric 
escape flux and inversely proportional to solar wind 
mass flux (Biermann et al. 1967; Galeev et al. 1985). 
The atmospheric escape rate is not expected to vary on 
timescales of weeks to months. But Voyager measure-
ments have shown that the solar wind mass flux (ρ V) 
varies by factors of several over timescales of minutes 
to hours (John Richardson, private communication). 
This means that the scale of the interaction region en-
countered by New Horizons could be anywhere be-
tween 10 and 100 RPluto and that the scale of the interac-
tion could vary during the few-hour encounter period.   

Kinetic Effects:  The weak magnetic field at 
>30AU means that ion kinetic effects play a crucial role 
at Pluto given both large ion gyro-radii and upstream 
ion inertial lengths that are comparable to the size of the 
obstacle (2–4 RPluto).  The net results of including such 

kinetic effects are: strong asymmetry in the interaction, 
a weak and extended bowshock region, turbulent flows, 
a low-density wake (Cravens & Kecskemty 1993; 
Delamere & Bagenal 2004; Delamere 2009). Pickup 
ions move initially in the direction of the solar wind 
convection electric field (E) and the solar wind flow 
(VSW) is deflected in the opposite direction, consistent 
with momentum conservation. The kinetic effects of 
Pluto’s interaction with the solar wind are very depend-
ent on the direction of the magnetic field in the solar 
wind, BSW, resulting in opposite deflection of the mass-
loaded solar wind and the large gyro motion of the new 
pick-up ions.  

 
 

 
Schematic of ion motion near Pluto’s interaction re-
gion.  
 

Magnetic field: The Pioneer and Voyager space-
craft have provided average conditions of the interplan-
etary magnetic field at ~30 AU of a magnitude of ~0.2 
nT and directed close to azimuthal in direction, flipping 
east-west a few times per solar rotation cycle of ~month 
(Charles Smith, private communication). But without 
local measurements of the magnetic field at the time of 
the New Horizons flyby of Pluto it will be hard to de-
termine the sign of the magnetic field direction. The 
best method will likely be the measurement of the di-
rection of pick-up ion motion just upstream of the inter-
action region.  

Solar Wind: observations of the solar wind are ex-
tremely challenging because the flux, which falls off 
roughly with the square of heliocentric distance, is ap-
proximately three orders of magnitude lower at Pluto 
compared to typical solarwind fluxes observed near 
Earth’s orbit. In addition, because the solar wind con-
tinues to cool as it propagates through the heliosphere, 
the solarwind beam becomes narrow in both angle and 
energy.  Nevertheless, the large field of view of the new 



Horizons SWAP instrument (McComas et al. 2008) 
allows it to measure the speed, density, and temperature 
of the solar wind and its interaction with Pluto. At the 
same time, the New Horizons PEPSSI instrument 
(McNutt et al. 2008) measures ions (with compositional 
information) and electrons from 10s of keVto ∼1MeV. 
Between the low energy plasma measured by SWAP 
and the energetic particles detected by PEPSSI, the 
New Horizons will characterize the environment sur-
rounding Pluto and quantify how the escaping atmos-
phere is picked up by the solar wind. 

 

Hybrid simulation of the Pluto interaction where the 
color contours show density and the black lines show 
ion trajectories. From Delamere (2009). 
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      Summary: The atmosphere and surface of Pluto 
contain mainly methane and nitrogen at low tempera-
ture (~38K), similar to Triton.  Thus, the chemistry and 
aerosol content of Pluto is likely to bear great similarity 
to that of Neptune’s largest moon.  Previous studies [1] 
show that energy sources such as UV-photons and ga-
lactic cosmic rays (GCRs) will cause methane and ni-
trogen on the surface and in the atmosphere of Triton to 
be converted to higher hydrocarbons and C-N contain-
ing compounds. Some of these materials likely form 
hazes in Triton’s atmosphere [2]. Similarly, Pluto’s 
atmosphere and surface are likely to exhibit the same 
type of gas-phase and solid state ice reactions, produc-
ing higher-order hydrocarbon compounds and C-N ma-
terials, particularly during the harsh Pluto winter when 
the atmosphere is collapsed or nearly so.  Indeed, evi-
dence for hydrocarbons and nitriles on Pluto as well as 
albedo changes over time has been inferred from recent 
Hubble data [3]. 
 
Sputtering of both atmospheric and surface materials 
results in a loss of lighter gases to space, subsequent 
surface chemistry, and rainout of heavier molecules,  
resulting in a residue of refractory (higher molecular 
weight) materials on the surface of Pluto from cross-
linking and polymerization of the hydrocarbon materi-
als present.  These materials may have color or be dark-
ened, similar to cometary crusts.  There will be some 
deposition of GCR energy into the atmosphere of Pluto 
but the majority of energy will be deposited in the sur-
face.  GCR deposition happens in the first 10 meters of 
the surface of Triton [1]. Therefore, on Pluto as well, it 
is likely that processed polymeric surface materials 
occur in the first 10 meters. However, the chemically 
processed layer may be significantly enhanced on Pluto, 
given the thicker atmosphere and enhanced hydrocar-
bon content compared to Triton, leading to a near-
continuous rain of higher-mass hydrocarbons and per-
haps nitriles, as the Cassini mission has found for Titan 
[4,5].  
 
Given Pluto’s high obliquity amd presumed lack of a 
global magnetic field, these UV- and GCR-produced 
darkened materals should occur nearly isotropically 
around the planet. Thus an inactive Pluto with no inter-
nally- or externally-induced geological processes would 
be uniformally darkened – assuming, in the long-term, 

that the surface is not significantly affected by seasonal 
effects due, for example, to the condensation and sub-
limation of surface frosts during the winter/summer 
cycle. Mean (seasonally-adjusted) variations in surface 
darkness may then be useable as a chronometer of sur-
face processes. For example, water ice precipitating on 
the surface due to cometary collisions with either Pluto 
or its retinue of satellites could produce notably bright 
areas on the surface. As well, bolides impacting more 
than 10 meters deep into the dark surface would pro-
duce bright craters with associated ejecta as rays ex-
tending outward for perhaps thousands of miles super-
imposed on the dark surface.   Due to the continual UV 
and GCR flux and near-continuous creation of higher-
order dark materials in the atmosphere, such bright are-
as should darken over time as surface chemistry occurs 
and dark aerosols continue to rain down onto the sur-
face.  Thus, the observed brightness of various surface 
features on Pluto may be indicative of relative ages, 
with bright features being significantly younger than 
older ones. 
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Introduction:  Surface processes that influence lo-

cal and global geology of both regular and irregular 
asteroids, comets and satellites are sometimes domi-
nated by local gravity. For example, gravity influences 
sedimentation and mass movements seen on the walls 
of many craters on Eros [e.g., 1], Lutetia [2], and 
Phoebe, the widespread presence of  regolith at low 
potential on the surface of Itokawa [e.g., 3], the expo-
sure of fresh material at higher elevation on Deimos 
(Fig. 1), and the location and orientation of a surface 
flow seen on the comet Temple 1 [e.g., 4]. In order to 
distinguish gravitational effects from other factors 
(e.g., surface strength, porosity, ejecta emplacement) 
on the surface geology of some of the irregular-shaped 
satellites of Pluto, numerical calculations of surface 
gravitational and centrifugal potential as well as sur-
face effective gravity are essential. Such calculations 
are also important to determine where slow moving 
ejecta excavated by surface impact craters are likely to 
be deposited. In preparation for New Horizons’ arrival 
in the Pluto system, this study presents an efficient 
method  for undertaking these numerical computations 
of surface gravity and gravitational potential, and 
compares them to other approaches. In the approach 
presented, we assume the object can be modeled as-
suming a constant density, but the presented method 
could be adapted for variable density. 

 

 
Figure 1. Bright streaks along a ridge of Martian satel-
lite Deimos that indicate downslope motion from the 
high ridge to the lower basin. 
 

Background: Werner and Scheeres [5] introduced 
an exact method for calculating the gravitational poten-
tial of constant density, polyhedral bodies using a sum 

over surface polygon faces and another sum over poly-
gon edges. While this potential calculation is exact for 
polyhedral bodies, the polyhedral shape model is itself 
an approximation, as is the constant density assump-
tion. For application to Eros and Itokawa, we have 
used a simpler, approximate method for calculating the 
effective potential and effective gravity of a small 
body, summing over faces of shape models in which 
the surface is tessellated into triangular plates. Here we 
use various high-resolution, polyhedral shape models 
of a spheroid, and oblate ellispsoidto make quantitative 
comparisons of the accuracy of the effective potential 
and gravity calculated from the exact polyhedral meth-
od [5], the approximate method [6], and a spherical 
harmonic method applied outside the body.  

Calculation Method: The plate models are poly-
hedral shape models with triangular faces whose verti-
ces are control points on the surface. The vertex vec-
tors are 𝒗𝒎, with  m = 1,… , vertex  number.  

The plate centroids, where plate n is made from 
vertices i, j, k, are defined by the vectors: 

𝑹𝒏 =
𝒗𝒊 +   𝒗𝒋 +   𝒗𝒌

3
, 𝑛 = 1,… , plate  number. 

Outward normal vectors are defined for each plate, 
such that each has length equal to twice the plate area, 

𝑵𝒏 = 𝒗𝒋 −   𝒗𝒊 × 𝒗𝒌 − 𝒗𝒊 , 
where again n is the plate number index. 

The gravitational potential is a sum over plates [6]: 

U 𝒙 =   
G𝜌
4

(𝒙 −   𝑹𝒏) ∙ 𝑵𝒏

𝒙 −   𝑹𝒏!

. 

The gravitational acceleration is also a sum over 
plates: 

𝒈 =   −
G𝜌
4

𝑵𝒏

𝒙 −   𝑹𝒏
−   
(𝒙 − 𝑹𝒏)(𝒙 −   𝑹𝒏) ∙ 𝑵𝒏  

𝒙 −   𝑹𝒏 ! .
!

 

If the field point is at a plate centroid, 𝒙 = 𝑹𝒏, then 
the contribution of that plate to the potential U is van-
ishing, but the contribution to the gravity is:  

−
G𝜌
4
  𝑵𝒏   

3
2𝒗𝒋 −   𝒗𝒊 − 𝒗𝒌

+   
3

2𝒗𝒊 −   𝒗𝒋 − 𝒗𝒌

+   
3

2𝒗𝒌 −   𝒗𝒊 − 𝒗𝒋
. 

 
Conclusion:  The error of our plate model calcula-

tions, when compared with exact analytic solutions, 
decreases as the number of faces increases (Fig. 2). and 
also decreases rapidly with distance above the surface. 
Similar behavior is found for the Werner and Scheeres 
polyhedral model, which is more complex and requires 
more computation time but is also slightly more accu-



rate. This increase in accuracy, however, is not war-
ranted in most situations given the plate model approx-
imation for topography, and the uniform density con-
sideration. The plate model calculation yields a compa-
rably accurate approximation to the actual potential of 
a small body (Fig. 3). 

 

 
Figure 2 . Comparison of the gravitational potential Up 
for a sphereical shape model to the the exact potential 
Ur.  
 

 
Figure 3. Plots showing improvements in gravitational 
potential for an oblate ellipsoid with increasing plate 
resolution from 192 plates on the left to 99000 on the 
right. 
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Introduction:  Visualizing and mapping the sur-

faces of irregular bodies is a difficult task. Determining 
spatial relationships between features can be nearly 
impossible in a two-dimensional map projection. The 
search for available data is also cumbersome. To ad-
dress these difficulties and to facilitate the analysis of 
small body data from spacecraft, the Johns Hopkins 
Universith Applied Physics Laboratory has developed 
the Small Body Mapping Tool (SBMT). The SBMT is 
specialized for visualizing and mapping the surfaces of 
especially irregular bodies, but is a valuable tool for 
analysis of objects of any shape, even spheres.  

The SBMT is an easy-to-use tool that is well suited 
for geologic analysis of the Pluto-Charon system from 
data that will be collected by the New Horizons space-
craft during its flyby in 2015, and may be a critical tool 
for analysis of Nix, Hydra, P4, and P5, which are like-
ly to be irregularly shaped. We present here the capa-
bilities of the SBMT, which has been used to analyze 
data missions including NEAR-Shoemaker, Hayabusa, 
MESSENGER, Dawn, and Rosetta. It is currently be-
ing adapted for use by the OSIRIS-REx mission, and 
an interface for the NASA Planetary Data System 
(PDS) Small Bodies Node is under development. 

Architecture: The SBMT provides an intuitive us-
er interface that makes use of modern interactive 3D 
graphics and visualization algorithms. It is written in 
the Java programming language and uses the Visuali-
zation Toolkit (VTK), an open source, cross-platform 
visualization library containing many advanced ge-
ometry algorithms, for 3D rendering and visualization, 
[1]. It therefore runs on all major operating systems 
including Mac, Linux, and Windows, and is designed 
to handle most data types delivered to the NASA PDS. 
Customization of SBMT is easy, and updates can be 
quickly pushed to the user. 

A key advantage of the SBMT is that it does not 
require the user to store all of his or her data on the 
user’s local machine, but instead communicates with a 
remote server over the internet to fetch data. Data files 
are only downloaded as needed and are then cached on 
the user’s machine to avoid redundant downloads. In 
addition, the server hosts a structured query lan-
guage(SQL) database backend for indexing the data 
and performing searches on the datasets as requested 
by the user. If internet access is lost, ongoing analyses 
still can continue using the data that have been cached. 

Current capabilities: The SBMT has a wide array 
of capabilities that facilitate the search and analysis of 

PDS-formatted derived planetary datasets.   
Visualize Shape Models: The SBMT allows free ro-

tation, zooming, and panning of custom or built-in 
shape models. Built-in shape models are available for 
those found at the NASA PDS (e.g., Eros, Itokawa). 
Custom shape models in several supported formats can 
be loaded directly by the user into the tool. Lighting 
can be simulated to custom coordinates or to match 
overlain images.  

Search and Display Spacecraft Data: The SBMT is 
capable of rapid identification of data available in a 
region of interest. Current searchable datasets include 
those from NEAR (MSI, NIS, NLR), Hayabusa 
(AMICA, LIDAR), Dawn (FC*), and Rosetta 
(OSIRIS*). Data can be overlain on shape models (Fig. 
1). Resulting images can be easily downloaded in orig-
inal file formats for subsequent analysis by a user’s 
own tools. Multiple datasets can be viewed simultane-
ously, providing a means to compare various results. 
	  

	  
Figure 1. Search and display of MSI images on the 
surface of 433 Eros using the SBMT. 
 

Overlay Custom Images: Any image can be draped 
across a shape model (Fig. 2). These include, but are 
not limited to, basemaps, elevation maps, and slope 
maps. Spacecraft datasets can be overlayed on these 
custom images, creating an integrated research envi-
ronment. All data can be easily output for presentations 
or further investigations. 

Map Surface Features: Paths, polygons, circles, el-
lipses, and points can be drawn directly onto shape 
models and images (Fig. 3). These structures are easily 
exportable as ascii files for additional analyses. 

                                                                    
* Only data delivered to the PDS are available to users 
not on active mission teams. 



As mentioned above, the SBMT can be used to map 
regularly shaped bodies. Fig. 4 provides an example of 
SBMT use with MESSENGER data of Mercury. 
 

 

 
Under Development: New plantary objects are 

constantly being added to the SBMT.  These include:  
Mathilde, Gaspra, and Ida: Shape models are being 

refined for these three flyby targets. Image data from 
NEAR (Mathilde) and Galileo (Gaspra and Ida) are 
being registered to these shape models and will be 
searchable and downloadable. This work is being sup-
ported by an active NASA PMDAP grant. 

Phobos and Deimos: Updated and detailed shape 
and topography models are being developed. Data 
from multiple Mars missions (including Viking Orbit-
er, Phobos 2, Mars Pathfinder, Mars Global Surveyor, 

Mars Express, and Mars Reconnaissance Orbiter) are 
being integrated and incorporated into the SBMT. This 
work is supported by an active NASA MDAP grant. 

Tethys, Mimas, Pheobe, Rhea and Iapetus: Updated 
and detailed shape and topography models have been 
developed by R. Gaskell from the Cassini flybys of 
these satellites. These are being incorporated into the 
SBMT, including registered images that were used to 
make the shape model. The icy satellittes of Saturn are 
good analogues for interpretting processes expected to 
affect the objects in the Pluto-Charon system, includ-
ing Pluto and Charon themselves.  
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Figure 2. Common and customized SBMT data of 
surface elevation, crater size frequency distribution, 
ejecta distribution, and slopes and lineaments on 433 
Eros at the NEAR landing site [2]. 

Figure 3. Distrubtion of over 1100 blocks on the sur-
face of Itokawa [3] providing evidence for complex re-
accretion of the asteroid following initial disruption of 
Itokawa's parent-body. The blocks were measured in 
the SBMT. 

Figure 4. Distribution of permanently shadowed cra-
ters on Mercury, mapped in the SBMT. This analysis 
used a custom shape model and custom images and 
maps [from 4]. 
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Introduction:  Recent observations have confirmed 

the presence of N2, CO, and CH4 gases in Pluto's at-

mosphere.  The 2003 stellar occultation observations of 

[1] indicated that additionally, there may be a layer of 

haze particles present.  These particles were thought to 

be fractal in structure with a radius of 0.2 µm.  [2] 

modeled the production of photochemical haze particles 

by scaling the production function from their Titan 

model and concluded that the production rates required 

to explain the extinction would be unphysically high for 

Pluto's atmosphere.  They further looked at condensa-

tion of Pluto's primary atmospheric constituents and 

concluded submicron-sized N2 and CO ices may com-

prise this extinction layer. 

Condensation implies that Pluto's atmosphere pos-

sess a troposphere.  [3] postulate temperature profiles 

which include a troposphere of 17 km depth (surface 

pressure = 24 µm, surface radius ~1170 km).  They also 

found that methane appears to be significanly supersa-

turated, given a mixing ratio of 0.5%, supersaturations 

up to a factor of 30 are possible for a ~38 K tropopause. 

Model:  We have developed a 1-D microphysics 

model based on the Community Aerosol and Radiation 

Model for Atmospheres (CARMA).  CARMA has been 

used successfully many times to explore the vertical 

distribution, size, shape, and composition of particles in 

Titan's atmosphere, and in particular, to predict the ap-

pearance of methane condensate layers which were 

observed at the Huygens' landing site [4].  The Pluto 

version allows for the simulation of N2, CO, and CH4 

cloud formation. 

Nucleation of methane onto tholin (laboratory ana-

logs to Titan's haze particles) has been measured in the 

lab at T~45 K [5].  Only a small supersaturation is re-

quired to initiate cloud formation, then growth will pro-

ceed as long as the atmosphere is above saturation. 

Simulations:  Initial simulations have shown me-

thane cloud formation will proceed if aerosol particles 

are present to serve as cloud condensation nuclei 

(CCN).  This serves to deplete the atmospheric reser-

voir of methane, limiting the amount of supersaturation.  

Figures 1 and 2 compare methane supersaturation be-

tween two cases (1) no haze particles to serve as CCN 

and (2) haze particles present.  Both models start with 

the same initial amount of methane and were run out for 

500 (terrestrial) years.  There is about a factor of 10 

decrease in the amount of supersaturation when cloud 

formation is included.  The growth of methane ice par-

ticles was limited to a radius of ~1 µm.  A plot of the 

size distribution shows a dramatic increase in the popu-

lation of particles in the largest size-bin, indicating 

condensational growth would continue in the absense of 

this restriction.  It is likely that methane ice particles 

would grow to radii of ~10 µm, which would further 

decrease the supersaturation from that shown in Fig. 2, 

as well as cause them to fall to the surface much more 

quickly.  

  
Figure1. Methane supersaturation as a function of 

time for a case without haze particles to serve as con-

densation nuclei for methane ice formation. 

  
Figure2. Methane supersaturation as a function of 

time for a case with haze particles and methane ice 

formation. 

These are two extreme cases.  We will discuss a 

number of sensitivity tests which include varying the 

abundance, size, and shape of haze particles; evaluating 

the onset of homogeneous methane nucleation; explor-

ing the size distribution of the resulting methane ice 

particles; and the effects of N2 and CO condensation as 

well. 
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Introduction:  Spectroscopic analyses indicate that 

volatile ices including N2, CO, CH4, and CO2 cover 
Triton’s surface [1,2]. Solid or liquid volatile com-
pounds on the surface of a volcanically active planetary 
body suggest a magmatic-tectonic distillation process 
that concentrates the volatiles in surface reservoirs. On 
Earth, the hydro-tectonic cycle transfers water from the 
Earth’s interior to its oceans. Volatiles that are solid or 
liquid in crustal reservoirs are transported into the sub-
surface as the crust recycles to the convecting mantle. 
As the slab penetrates the mantle, the interior thermal 
gradient melts the volatiles in the reservoir, distilling 
the compounds to shallow depths. Liquid volatiles are 
less dense than the bulk crust and remain in the litho-
sphere until a rising plume assimilates them, which aids 
the magma in erupting onto the surface [3]. Therefore, a 
planetary body suspected of active volcanism with solid 
or liquid volatiles on its surface may exhibit a similar 
self-sustaining process, where cycling of volatiles in the 
lithosphere aid in planetary resurfacing and crustal re-
cycling. Here, I investigate this process by modeling the 
thermal gradient of Triton’s solid ice lithosphere and 
speculate Pluto’s surface may exhibit cryovolcanic fea-
tures similar to the cantaloupe terrain found on Triton’s 
surface. 

 
Background:  Triton is a differentiated Kuiper Belt 

object (KBO) captured by Neptune in the early solar 
system [4-6]. There are very few impact craters on Tri-
ton’s surface, suggesting that it is likely geologically 
and tectonically active today [7-9]. This geological ac-
tivity is interpreted to be cryovolcanic in origin. The 
current internal radiogenic heat is sufficient to partially 
melt Triton’s lower water-ice crust and generate a con-
vecting ice shell [10] with the possibility of a subsur-
face ocean also existing beneath the shell [11]. The 
resulting cryomagmas may ascend in the crust and erupt 
on the surface. Since Earth-like plate tectonic processes 
do not appear to operate on Triton, another process 
must be occurring to resurface and recycle the ice shell. 

Pluto, also a differentiated KBO, has a similar sur-
face composition to Triton [12,13] and likely retains a 
sufficient amount of internal heat to partially melt its 
lower water-ice crust, implying a possible convective 
ice shell and subsurface ocean [10,11]. Cryomagmas 
may also be erupting onto Pluto’s surface due to the 
convecting ice shell, suggesting a process similar to the 
proposed cycling of volatiles in Triton’s lithosphere. 

Thermal Gradient Model for Triton’s Shell:  Tri-
ton’s lithosphere is composed of Ice-I with an estimated 
thermal conductivity (k(T)) of 621/T W m-2 [10]. Esti-
mated NH3 concentrations (X) in water-ice shells of 
outer solar system icy planetary bodies range from 1-
15% [11]. This X range in Triton’s shell corresponds to 
melting temperatures (Tb) of 255 K (for X = 1%) and 
187 K (for X = 15%) [11]. The estimated surface heat 
flux (qs) from Triton’s internal radiogenic heating is 3.3 
– 6.6 mW m-2 [14]. 

The true shell thickness (D’) for a planetary body 
encapsulated by a water-ice crust is given by [10]: 

 
      

(1) 
 
 
 

where Ts is the mean surface temperature (38 K) and Rs 
is the planetary radius (1353 km). Using Tb values in 
Eq. 1, representing the base of Triton’s shell, the mini-
mum and maximum D’ values are 135 km and 283 km, 
respectively (Fig. 1). 

The D’ variation is used for estimating the thermal 
gradient in Triton’s shell. The temperature profile (T(r)) 
for a planetary body’s crust that is undergoing surface 
heat loss due to thermal conduction is given by [15]: 

 

 
Fig. 1. True shell thickness (D’) for Triton’s crust using 

previously estimated surface heat fluxes (qs) and 
NH3 concentrations (X) of the water-ice litho-
sphere. 



 
     (2) 

 
where Rb is the distance from the planetary center to the 
bottom of the crust and r is the radial distance from the 
planetary center. Using the minimum and maximum D’ 
in Eq. 2, the temperature profiles for Triton’s shell have 
thermal gradients of ~1.05 K/km and ~0.65 K/km, re-
spectively (Fig. 2). 
 

Volatile Melting Depths in Triton’s Lithosphere:  
For a minimum qs (3.3 mW m-2) and X (1%), the melt-
ing depths for N2, CO, CH4, and CO2 are 40, 48, 82, 
and 217 km, respectively. These are likely the greatest 
depths the volatiles can remain solid before melting 
during vertical transport through the shell. Increasing 
the interior heat or X will melt the volatiles at shallower 
depths within the lithosphere. 

For a maximum qs (6.6 mW m-2) and X (15%), the 
melting depths are 25, 29, 51, and 141 km, respectively. 
Since Triton’s ice shell may be convecting, these depths 
are reasonable estimates for initial melting of the vola-
tiles during vertical transport. 

 
Volatile Cycling and Lithosphere Recycling:  

Volatile cycling in Triton’s lithosphere is analogous to 
Earth’s hydro-tectonic cycle, where volatiles extracted 
from the partially melted ice shell are transferred to the 
surface via cryovolcanism, while the ice shell is recy-
cled to the lower crust (a “cryo-tectonic” cycle). Cry-
omagmas ascend through Triton’s ice shell and assimi-
late volatiles, increasing the likelihood of eruption onto 
the surface. Fresh cryolavas are likely denser than older 

 

 
Fig. 2. Temperature profiles for Triton’s ice shell using 

true shell thicknesses (D’). The melting tempera-
tures and depths for N2, CO, and CH4 are shown in 
green, blue, and red, respectively. Melting of CO2 
occurs at a greater depth not shown on the figure. 

surface material, resulting in a density inversion. Over 
time, this density inversion will form cantaloupe terrain 
[16]. Volatile ices on the surface are buried from cry-
ovolcanic eruptions and interleaved within the shell. 
While the ice shell recycles to the partial-melt regime 
by vertical mass transport due to continuous surface 
burial, the volatiles N2, CO, and CH4 melt and are dis-
tilled. The liquid volatiles are less dense than the bulk 
water-ice crust, which implies the ice shell may be dif-
ferentiated. Volatile CO2 likely remains solid during 
vertical transport to the convecting layer of the ice 
shell, suggesting CO2 concentrations and melting 
depths within the subsurface partial-melt zone may be 
important in recycling Triton’s ice shell. 

 
Cantaloupe Terrain on Pluto:  The volume of radi-

ogenic elements in Pluto is ~20% smaller than Triton 
[13], which implies qs values of ~2.7 – 5.4 mW m-2. 
Using the same model described above, D’ for Pluto 
varies from ~140 to 298 km. The thermal gradients for 
Pluto’s shell are ~1.02 K/km and ~0.63 K/km. The min-
imum melting depths for N2, CO, CH4, and CO2 are 36, 
45, 84, and 233 km, respectively. These melting depths 
are similar to those of Triton’s lithosphere, implying 
Pluto’s ice shell may also be differentiated. 

If cryovolcanism is currently active on Pluto and the 
lithosphere is differentiated, then surface features 
should be similar to Triton’s. Near-surface density in-
versions due to the cryovolcanic processes may be 
common, resulting in the formation of cantaloupe ter-
rain. If cryovolcanism is inactive on Pluto, then it is still 
reasonable to predict that past cryovolcanic features 
may be currently present on the surface, assuming 
Pluto’s seasonal atmospheric processes have not eroded 
its surface history. 
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Following the Pluto system fly-by in 2015 we hope 

to send the New Horizons spacecraft to fly-by one or 
more Kuiper Belt Objects (probably between 2017 and 
2020). A substantial ground-based effort has been made 
to identify candidate objects for these observations. At 
the time of this abstract we have 26 discoveries of 
which five objects are long-range reconnaissance can-
didates (passing within 0.2 AU of NH and bright 
enough to image with ~150km resolution or ~10x Hub-
ble resolution), two are pre-Pluto encounter observation 
candidates and two have current orbit predictions that 
require only about a factor of 2 more propellant than 
available for the targeting maneuver. Obtaining precise 
orbits for flyby candidates to determine whether NH 
can target them is critical to the success of the extended 
mission. HST excels in several aspects that challenge 
ground-based observing: instrument sensitivity, image 
resolution and PSF stability. Therefore, we followed up 
on our three best long-range candidates (2011 JW31, 
2011 JY31, and 2011 HZ102) in September 2012 WFC3 
on HST. For each object 2 HST orbits were utilized. 
Observations for each orbit followed the sequence: 
F606W – F814W – F814W – F606W in order to obtain 
crude color information in addition to highly accurate 
astrometry. Using 2011 JY31 as an example of the suc-
cess of our observations, we measure photometry to the 
accuracy of 0.05 magnitudes on this 25.5 magnitude 
object in the F606W waveband with color accuracy to 
0.1 magnitudes. Even at the high angular resolution of 
our observations, 0.04 arcsec, this object is not obvi-
ously binary. We also confirm that our discovery 
ephemerides are sufficient for recovery by HST. As-
trometry is measured to a fraction of a pixel (40 mas) 
and is currently accurate to 200 mas, limited by the 
accuracy of astrometric catalogs. We anticipate with 
future GAIA astrometry (promised to be at the level of 
24 microacrseconds) we can improve a 3 year baseline 
orbit to the equivalent precision of a 34 year baseline. 
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Analysis and results:  A detailed analysis 
of the astrometric results, as well a comparison 
with those from occultation was made. The 
7131 images reduced showed a σα= 0,090  and 

a σβ= 0,075 before the two corrections and σα= 
0,049  and σβ=  0,053 after (with  5854 images 

left after a 2σ and 3σ filter on the data set). We 
also confirmed the drift in declination 
positions in the period 2005-2012.
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Introduction:  The New Horizons 
spacecraft is scheduled to reach Pluto's system 
in july 2015. Until then, stellar occultations are 
the most efficient method, from the ground, to 
provide the temperature and density profiles of 
its atmosphere and determine dimension of its 
sattelites with kilometric accuracy. From 
observations of stellar occultations it was 
evident a drift in declinations (about 30 
mas/year) when compared to the DE418, as 
shown by Assafin et al. in 2010 [1]. This drift 
motivated us to re-reductions and re-analyse of 
a large set of our observations made at Pico 
dos Dias Observatory (OPD/LNA) and from 3 
runs at the 2.2m telescope at ESO, in a total of 
15 years. The ephemerides (DE421) and 
occultations results was then compared with 
the astrometric reductions of CCD images of 
Pluto (around 7100  images). The UCAC4 
catalog was used as reference in the 
reductions.

Corrections: Two corrections were applied 
to the data set: diferential chromatic refraction 
and photocenter. The first comes from the fact 
that Pluto is, for an Earth-based observer, 
backgrounded by the Galactic plane so that the 
mean color of the field stars are redder than 
that of Pluto and may induce a difference of 
0”.1 in the observed minus calculated (O-C) 
positions. The photocenter correction is based 
on two gaussian curves overlapped, with 
different maxima and non-coincident centers, 
corresponding to Pluto and Charon (since they 
have less than 1” of angular separation). The 
objective here is to properly separate Pluto's 
photocenter from the combined Pluto/charon 
one. The method is strongly dependent of the 
maxima of each of the gaussian curves, related 
to the ratio of albedos of Charon and Pluto.
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A quantitative understanding of Pluto’s topography
will enable a variety of scientific investigations [1], in-
cluding understanding the magnitude of geologic pro-
cesses and the origin of geologic features. In order to
provide the topography of Pluto’s surface at the best
possible vertical and horizontal resolution with the New
Horizons data set, we will perform stereo reconstruction
from LORRI framing camera [2] and Ralph MVIC TDI
pushbroom [3] images.

New Horizons will return the first high resolution im-
ages of Pluto’s surface [4], and the New Horizons team
has orchestrated some of those images to provide stereo
pairs from which we will be able to extract terrain.

Planned Stereo Observations: The Pluto encounter
geometry’s single fly-by nature provides an interesting
challenge for stereo reconstruction. Finding the best
times to capture images for stereo data was a process of
finding the times before closest approach which maxi-
mized coverage (and lighting), equalized ground scale,
and optimized parallax, all while balancing the needs of
other instruments and targets.

The five potential observations in the nominal plan
that we can use to derive terrain models for Pluto are
detailed in Table 1 and Figure 1. Parallax drives the
expected vertical precision of a stereo-produced terrain
model, and the difference in phase angle is a proxy for
the convergence angle of the stereo pair. As you can
see, in a little over three hours, New Horizons sweeps
out over 40◦ in phase. Ideally, we’d use a single in-
strument for both halves of the stereo pair. However, in
that time the ground scale and footprint size of the in-
struments have changed significantly (compare the cyan
LORRI squares in Figure 1a to the one in Figure 1d). So
terrain models will mostly be a combination of a LORRI
mosaic and an MVIC scan later on.

Expected Terrain Models: Table 2 shows what
different combinations of the observations in Table 1
would provide in terms of the characteristics of ter-
rain models. From a resolution and vertical precision
standpoint, the best possible combination is the BE ter-
rain model which combines data from a LORRI mosaic
(P LORRI STEREO MOSAIC) with the latest MVIC
pass (P MVIC LORRI CA). Depending on the details
of Pluto’s surface, there is the possibility that the very

Figure 2: Example hillshaded terrain model made from
Cassini ISS data of Rhea, comparable to what the BD
model might provide.

large convergence angle will result in occlusions which
might make automatic correlation difficult, but manual
correlation should still be possible. Furthermore, the
BD and CE combinations provide suitable backup ob-
servation geometries for reasonable terrain extraction if
there are issues with the BE combination. In addition,
the AD model will provide terrain information (although
at worse resolution) for regions east of 240◦E longitude
that BE and BD cannot provide.

Ground Expected
Terrain Convergence Scale Vertical
Model Angle (◦) (km/post) Precision (m)
AC 18 2.7 550
AD 26 2.7 360
BC 13 2.2 630
BD 21 1.6 370
BE 37 1.2 190
CE 24 2.2 330

Table 2: Characteristics of potential terrian models.
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2

Start time on Ground Scale Phase
Observation Name 2015-07-14 Instrument (m/pixel) Angle (◦)

A P LORRI 08:14:00 LORRI 895 19.5
B P LORRI STEREO MOSAIC 10:10:50 LORRI 415 24.6
C P COLOR 2 11:09:40 MVIC 720 37.4
D P MPAN 1 11:22:00 MVIC 537 45.7
E P MVIC LORRI CA 11:34:00 MVIC 380 61.1

Table 1: Planned (and subject to change) observations that could be used for stereo terrain reconstruction on Pluto.

(a) P LORRI STEREO MOSAIC (b) P COLOR 2

(c) P MPAN 1 (d) P MVIC LORRI CA

Figure 1: Visualizations [5] of the observations. Cyan boxes show the outline of LORRI frames, and the green outlines
show the extent of the MVIC TDI CCDs. The MVIC TDI frames will sweep in the direction perpendicular to the long
axis of the CCDs, such that the P COLOR 2 and P MPAN 1 observations will capture the full disk of Pluto.
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Introduction:  The flyby of Pluto is our first oppor-

tunity to view the surface that is the gateway to the 
deep outer solar system.  The lessons of Voyager, Gali-
leo, and Cassini tell us that small icy worlds of the outer 
solar system are determined to confound our precon-
ceived notions of what complexity is possible in small 
bodies.  Ongoing ground- and space-based observations 
of Pluto have revealed an increasingly intricate multi-
body system, demonstrating that the Pluto-Charon sys-
tem continues the wondrous befuddlement imparted by 
the icy satellites of the giant planets.   

To understand the Pluto system, we start by apply-
ing the familiar tools developed by examination of oth-
er planetary surfaces across the solar system.  A key 
tool is the examination of impact craters, which are the 
most abundant landform in the solar system.  Examin-
ing crater sizes, shapes, and spatial distributions enables 
a host of scientific explorations that are diagnostic of 
the surface and near sub-surface, while comparing cra-
ters between objects enables an extensive array of com-
parative planetology.  The crater size-frequency distri-
bution (SFD) tells us about the impacting population, 
and the variation of the crater SFD tells us about the 
relative ages of different surface units.  Crater mor-
phology (e.g. depth-to-diameter ratios, ejecta blanket 
styles) probes the structure of the surface and the near-
surface; comparing morphology and degradation of 
similarly-sized craters provides information on erosion-
al rates and/or relaxation rates.  Ejecta from craters cre-
ate secondary craters, and especially on low-mass, mul-
ti-body systems like Pluto and Charon, can lead to 
sesquinary craters (craters made by ejecta that initially 
escape a surface but ultimately re-impact), as well as 
potentially long-lived orbital debris that may affect 
spacecraft safety.  We address the following topics: 
• Small, distant objects are hard to see, but the craters 

they make on Pluto and Charon should be visible.  
Thus the primary crater populations on 
Pluto/Charon are the best opportunity to evaluate the 
SFD of small KBOs below current detection limits 
of ground- and space-based telescopes.   

• Secondary and sesquinary crater populations can 
confound interpretation of the primary crater record, 
but we predict these populations will be significant-
ly less dense on Pluto and Charon compared with 
the Galilean satellites 

• Consequences of crater ejecta for small moon for-
mation, and spacecraft safety 

• uncertainties, and corresponding scientific opportu-
nities, due to nitrogen ice and low impact speeds 
Primary Crater and their Parent Impactor 

SFDs:  Observations of primary craters on the young 
surface of Europa and of the Saturnian satellites gener-
ally show a -2 differential power-law slope for small 
craters (diameters < 10 km), suggesting that the comets 
(derived from the scattered disk) that makes these cra-
ters also have a -2 differential power-law slope [1].  
Observations of craters on Pluto will be the purest test 
yet, since there may be dynamical or thermal effects 
that introduce changes to the impacting SFD as the ob-
jects migrate to Saturn and Jupiter. 

Secondary and Sesquinary Crater Populations:  
We follow the strategy developed in [1] to estimate the 
magnitude of the secondary and sesquinary crater popu-
lations.  Briefly, ejecta mass is divided into three veloc-
ity bins: 1) material moving faster than escape velocity 
(vesc), which is mass available to make sesquinary cra-
ters; 2) material moving slower than vesc but faster than 
vmin (the minimum velocity necessary to make a sec-
ondary crater rather than landing intact as a boulder or a 
part of the ejecta blanket), which is mass available to 
make secondaries; 3) material moving slower than vmin, 
which is mass that contributes to the ejecta blanket. 

We calculate these masses for a crater formed by a 1 
km comet.  We use 1 km because (i) it is large enough 
to generate enough ejecta to make an observable popu-
lation of secondary craters, (ii) impacts of such bodies 
are frequent on geologic time scales, (iii) its excavation 
depth may be deep enough that the crater characteristics 
are adequately described by water ice, rather than nitro-
gen ice.  We use the scaling laws in [2] (with applica-
tion to water ice as described in [1]), in conjunction 
with impact speeds given in [3]. 

Figure 1 shows the primary crater size for the im-
pact of a 1 km comet on Pluto and Charon, as well as a 
number of the icy moons of the outer solar system.  
Notably, the estimated primary crater sizes for P/C are 
smaller than the other objects; this is due to the low 
impact speeds on P/C (1-2 km/s) relative to the other 
objects (> 10 km/s, except for Iapetus at 6 km/s).  Thus 
we expect that the primary crater SFD will be shifted to 
smaller sizes relative to the Saturnian and Galilean sat-
ellites. 

Secondary and Sesquinary Crater populations:  
The low primary impact speeds have two consequences 
for impact ejecta: 1) the smaller primary crater for a 
given impactor means that a smaller amount of ejecta 

 



 

 

will be produced (reducing mass available for secondar-
ies and sesquinaries); and 2) the ejecta itself will be 
moving slower.  Figures 2 and 3 plot the amount of 
mass available to make secondaries (msec) and sesquina-
ries (m1.5), respectively, while Table 1 summarizes the-
se masses normalized to the impactor mass.   

Iapetus

Callisto Ganymede Europa

Rhea
Dione

Tethys
Enceladus

Mimas

Charon
Pluto

 
Figure 1: Estimated crater sizes for a 1 km comet striking 
Pluto, Charon, the Galilean satellites of Jupiter, and the 
mid-sized Saturnian satellites. 

Secondary Craters.  Clearly the Galilean satellites, 
Europa in particular, have the most mass available to 
make secondary craters (due to the combination of 
higher impact speeds, and a sufficiently high surface 
gravity to retain high-speed ejecta to make secondary 
craters).  For these impact conditions, Pluto and Charon 
have over an order of magnitude less mass to make 
secondaries.  While we expect an observable population 
of secondaries (given sufficient primary crater density), 
they will contribute to the crater SFDs at a lower-level 
than on the icy satellites of Jupiter and Saturn.  

Sesquinary Craters.  As with secondaries, we pre-
dict that the population of sesquinary craters is subdued 
on P/C relative to the icy satellites, although the pres-
ence of sesquinary craters is not well understood on any 
surface (see [1]). 

Evolution of Escaped Crater Ejecta.  We have 
used scaling relations from [2] to estimate the distribu-
tion of ejecta speeds, and are initiating analytical argu-
ments [4] and numerical integrations to model the or-
bital evolution and sweep-up of crater ejecta. We ini-
tially estimate that the optical depth in dangerous, mm-
sized or larger ejecta is likely to be small (also see [5]), 
unless one of the moons has suffered an unlikely large 
impact during the past million years.  

Uncertainties and Scientific Opportunities.  All 
of the calculations used here assume water ice as the 
target surface, and are derived on the assumption of 
hypervelocity impacts.  The presence of a thick nitro-
gen icy layer could complicate both assumptions, but 
that in itself would be a scientific bonanza.  

 

 
Figure 2: Estimated mass available to make secondary 
craters due to a 1 km cometary impact.  Open circles are 
the Saturnian satellites, filled circles are the Galilean sat-
ellites. 

 
Figure 3: Estimated mass available to make sesquinary 
craters due to a 1 km cometary impact.  Symbols are the 
same as in Figure 2. 

Object msec/mi m1.5/mi 

Pluto 0.1 < 0.01 
Charon 0.1 0.02 
Mimas 0.0 6.1 
Enceladus 1.5 2.7 
Tethys 2.4 1.1 
Dione 2.4 0.6 
Rhea 2.0 0.4 
Iapetus 0.5 0.1 
Europa 4.6 0.1 
Ganymede 3.2 0.1 
Callisto 2.2 <0.1 
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Introduction:  The New Horizons encounter in 

2015 presents a once-in-a-lifetime opportunity to meas-
ure in situ the state of the Pluto-Charon system.  We 
know the system is dynamic through decades of meas-
urements from Earth-based telescopes.  Thus we must 
realize that New Horizons is providing a “snapshot” in 
time that establishes a single “moment” of ground truth 
in the Pluto-Charon system.  Our understanding of the 
temporal variation of the system requires that we an-
chor the ground truth of New Horizons to the Earth-
based view through simultaneous telescopic observa-
tions before, during, and after the New Horizons en-
counter. 

Campaign Organization:  The first author (RPB) 
is taking the lead for the campaign organization on be-
half of the New Horizons science team.  Wide interna-
tional participation is most especially welcome!   
The concept moving forward is one of broadly sharing 
ideas for observing plans and perceived needs from the 
project.  While some observing programs may be spe-
cifically recommended by the project and seek observ-
ers, largely the campaign will rely upon individual in-
vestigators responding to calls for observations.  We 
will especially seek to identify how the plans of one 
program may be complemented by the plans of another. 

Observatory Support:  Specific requests to allo-
cate blocks of time for mission support will be made by 
New Horizons to specific Telescope Allocation Com-
mittees (TACs), such as the NASA IRTF.  While the 
time surrounding the July 2015 encounter is obvious for 
mission support, we are seeking ideas and justification 
for observations (and time block allocations) that might 
begin as early as 2014 and continue through 2016. 

Getting Involved:  This Pluto System 2013 Con-
ference is the official kick-off for the organization of 
the observing campaign.  Please indicate your interest 
by contacting: rpb@mit.edu    A web page will be set 
up where ideas and plans can be shared, including pro-
gress on securing New Horizons mission support time 
blocks at major observatories. 

Acknowledgement:  This work is supported by 
NASA’s New Horizons mission to the Pluto system. 

 
 



New Horizons Earth-Based Campaign: 
Calibration and Context of the Pluto System 

Campaign 
Phase 

 Date Range 
     (MM/YY) 

Pluto 
Coordinates 

 
Measurements Required 

Relative Priority 
High   - - - - - - - - - - >  Highest 

Phase I: 
Pre-Encounter 

 
4/14 - 10/14 

 
18:50  -20    
 V14.4 

Stellar Occultations: Atmospheric profiles. 
Spectral / Thermal:  Atmospheric composition & 
Surface mapping.  Full rotational coverage. 
Photometry: Rotation lightcurve & phase function. 

Phase II: 
Immediate 
Approach 

 
4/15 - 5/15 

 
19:05 -20    
 V14.5 

Stellar Occultations: Atmospheric profiles. 
Spectral / Thermal:  Atmospheric composition & 
Surface mapping.  Longitude of closest approach. 
Spectral / Thermal:  Atmospheric composition & 
Surface mapping.  Full rotational coverage. 
Photometry: Rotation lightcurve & phase function. 

 
Phase III:  
Encounter 

 
6/15 -  8/15 
(encounter date   
      7/14/15) 

 
19:07 -21    
 V14.4 

Stellar Occultations: Atmospheric profiles. 
Spectral / Thermal:  Atmospheric composition & 
Surface mapping.  Longitude of closest approach. 
Spectral / Thermal:  Atmospheric composition & 
Surface mapping.  Full rotational coverage. 
Photometry: Rotation lightcurve & phase function. 

Phase IV:  
Immediate 
Post-Encounter 

 
9/15 - 10/15 

 
18:54 -21    
 V14.6 

 
 
Same as Phase II  

 

Phase V:   
Post-Encounter 

 
4/16 - 10/16 

 
19:09 -21       
 V14.5 

 
 
Same as Phase I 



SELECTED STELLAR OCCULTATION BY PLUTO SYSTEM UP TO 2015. 
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Introduction: Pluto is one of the most know dwarf-

planets and is the target of the NASA's New Horizons 
space mission. Until now, it is the only object of its 
kind to have a tenuous global atmosphere detected.  

The stellar occultation is the only ground based 
technique capable of providing the temperature and 
density profiles of its atmosphere. It is also a powerful 
technique to determine shape and dimensions with 
kilometric accuracies for atmosphereless objects like 
Pluto's satellites (Charon, Hydra, Nix, P4 and P5).  

We present a selection of predicted stellar occulta-
tions by the Pluto system up to 2015, that will allow, 
for example, the continuous study of Pluto's atmosphere 
evolution. 

Predictions: The occulted star candidates come 
from the observation of Pluto's sky path from 2009 to 
2015, held at the ESO/Max-Planck 2.2m telescope with 
the Wide Field Imager (WFI) [1]. 

The predictions are made considering an offset to 
the JPL-DE413 ephemeris, and using a satellite solution 
obtained with Hubble Space Telescope images [2]. The 
applied offset was determined from a linear fit to the 
offset measurements in positive stellar occultations 
from 2005 to 2012 (Figure 1).  

Figure 1. Positional offsets for Pluto from observed stellar occul-
tations (observation minus DE413 ephemeris). Blue: right ascension. 
Red: declination. Dashed lines are the linear fit used to extrapolate 
the offset to the future occultation date. 

 
Selection: The selected events involve the brightest 

stars to be occulted during the period with a shadow 
track, going over regions of the Earth with large avail-
ability of telescopes. They were also selected aiming 

three scientific objectives: continuous monitoring of 
Pluto's atmosphere; astrometry of the satellite system; 
and measurement of the size of Pluto's small satellites. 

Events: hereafter we present the list of the selected 
events by date, object, UT time of the closest approach, 
R magnitude and location: 

 
     Date      - Object  -   UT  -   R    -   Location          _ 
2013/07/20 - Pluto    - 08:02 - 16.5 - CHL, ARG, NZL 
2014/03/07 - Nix      - 17:32 - 13.3 - AUS 
2014/07/05 - Pluto    - 23:26 - 15.7 - FRA, DEU, ESP 
2014/07/05 - Charon - 23:36 - 15.7 - BRA, RSA, NAM 
2014/07/05 - Nix       - 23:53 - 15.7 - BRA, NAM 
2014/08/13 - Pluto    - 06:20 - 16.5 - EUA, CAN 
2014/08/13 - Charon - 06:20 - 16.5 - PER, NZL, CHL 
2014/09/23 - Hydra   - 18:48 - 14.6 - ISR, MDG, TUR 
2015/06/29 - Pluto    - 16:54 - 12.2 - AUS, PNG, MDG 
2015/07/18 - Pluto    - 06:46 - 14.1 - ARG, URY, NZL 

 
From the listed events we highlight the Nix occulta-

tion on March 2014 by a bright star, with good observa-
tion conditions to the australian observatories. We also 
highlight the multiple event by Pluto, Charon and Nix. 

The best event will happen few days before the New 
Horizons rendezvouz with Pluto system, on the 29th 
June 2015, and involves one of the brightest star ever 
occulted by Pluto with R magnitude 12.2 (Figure 2). A 
big observation campaign with many detections will 
bring invaluable information of Pluto atmosphere. If it 
is linked to the New Horizons discoveries, it will allow 
an unprecedented study of Pluto's atmosphere tempera-
ture, pressure and density profiles.  

Figure 2. The prediction map for the 29th June 2015 occultation. 
It is the best of the selected events, involving a 12.2 R magnitude star.  



 
Considerations: The presented events will allow 

the continuous monitoring of Pluto atmosphere, before 
and after the New Horizons rendezvous with the sys-
tem. It will also permits to obtain precise astrometry of 
Pluto's satellites and maybe even the measurement of 
the small moons size. 

It is estimated an error of about one Pluto radius for 
the predictions, so the tracks may shift of about a thou-
sand kilometer. To reduce this error, careful astrometry 
of the target stars and last minute prediction updates 
will be done and made available on-line at our occulta-
tion campaigns site: 

 http://devel2.linea.gov.br/~braga.ribas/campaigns/  
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IMPACT CRATER MORPHOLOGY ON PLUTO 
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Introduction: Impact cratering is a fundamental 

process that affects the surfaces of all solid bodies 
in the solar system. It is a complex process that 
depends upon the size, velocity and composition 
of the impacting body, as well as the gravity and 
near-surface properties of the target.  As a result of 
the latter, the study of impact craters offers a tool 
for investigating the subsurface structure and 
composition of solar system bodies. This abstract 
combines previous cratering studies on icy bodies 
and numerical modeling of the impact process to 
predict crater morphology on Pluto.  

General Crater Characteristics: As an icy 
body, we would expect craters on Pluto to be shal-
lower and with lower rim heights and gentler wall 
slopes than for a rocky body of similar mass [e.g., 
1, 2]. However, experimental work has shown that 
lower impact velocities produce deeper transient 
craters [e.g., 3]. The low impact velocity calcu-
lated for the Pluto system (~ 1.9 km/s. c.f. [4]) 
may lead to anomalously deep simple craters.   

The Simple to Complex (s-c) Transition: The 
morphology of an impact crater, and the crater 
diameters at which morphological transitions 
(such as the simple to complex transition) occur 
should be similar on bodies with similar gravity  
[5]. Figure 1 shows the relationship between s-c 
transition diameter and planetary gravity for rocky 
and icy bodies. Although the Moon and the Gali-
lean satellites have similar gravity, the difference 
in surface composition influences the crater di-
ameter at which the simple-to-complex transition 
occurs: central peaks are noted in smaller craters 
on icy bodies relative to rocky bodies with similar 
gravity. Based on Pluto’s gravity of ~0.65 ms-1 
and its icy surface a predicted transition diameter 
of ~6 km has been marked on Figure 1. The com-
plication of a relatively low impact velocity may 
act to delay the formation of central peaks until 
larger crater diameters.  An s-c transition diameter 
of 6km is therefore considered a lower bound.  

Rim Collapse and Central Uplift Formation 
– New insights from New Horizons: On the 
Moon (g~1.64ms-2) rim collapse occurs prior to 
central peak formation at crater diameters of ~15 
and ~20 km respectively.  Conversely, on Gany- 

 
Figure 1: Diameter at which craters transition from simple 
bowl-shaped to complex as a function of gravity for the Moon 
Mercury, Mars, Earth, Europa, Ganymede, and Callisto. Pre-
dicted Pluto transition diameter is marked, assuming that data 
from the icy Galilean satellites can be extrapolated to Pluto.  
 
mede (g ~ 1.43 ms-2), peak formation is noted in 
craters of ~ 2 km diameter, followed by a decrease 
in rim height (indicating rim collapse) at D ~ 9 km 
[e.g., 1, 2].  This is either a fundamental difference 
in the crater modification process between rocky 
and icy bodies, or might be the result of measure-
ment bias when assessing craters below 2 km with 
imagery of ~ 0.4 km/pix resolution. The 0.6 – 0.1 
km/pix resolution of the Multicolor Visible Imag-
ing Camera (MVIC) and the Long Range Recon-
naissance Imager (LORRI) on board New Hori-
zons [e.g., 6], combined with the larger predicted 
s-c transition diameter on Pluto (Figure 1) might 
provide an opportunity for this unanswered ques-
tion of the cratering process to be investigated.  

The Peak to Peak-Ring/Pit Transition: In 
craters of increasing diameter on rocky bodies the 
internal morphology changes from central peak to 
peak-ring. On ice-rich crusts like those of Mars or 
the Galilean satellites, the transition is instead 
from peaks to central pits. However, pit formation 
is not only due to the presence of ice in the crust. 



The peak to peak-ring transition is not noted on 
most small icy satellites. Central pit craters are 
likewise absent [e.g., 1].   

One suggested formation theory for these cen-
tral pits and their absence on small icy bodies in-
volves the formation of a peak-ring which acts to 
confine impact melt water to the crater centre.  
The melt then drains, or is lost as vapor, leaving a 
central pit and over-printing peak-ring morphol-
ogy [e.g., 2, 7].  The formation of large ‘floor pits’ 
therefore require: 1) enough impact melt to be pro-
duced and 2) the transition from peak to peak-ring 
craters to occur.   

The transition from peak to central pit mor-
phology occurs at crater diameters of ~ 60 km on 
Ganymede [e.g., 8, 9]. Scaling for gravity, the 
transition from peak morphology to either peak-
rings or central pit morphology on Pluto would 
occur above crater diameters of ~ 150 km.  
Calculations of melt drainage on Pluto by [7] 
suggest that central pit craters are theoretically 
plausible for large impactor sizes. However, the 
low impact velocity in the Pluto system (~1.9 km/s 
c.f. [4]) will produce low volumes of impact melt. 
The formation of central pits on Pluto is therefore 
considered unlikely. Some small-scale pitting of 
the crater floor might be expected rather than a 
notable central pit.  

Using crater morphology to probe sub-
surface structure and heat flow: Current bulk 
density estimates for Pluto range from 1.83 to 2.05 
g/cc implying rock/ice mass ratios of  1.27 to 3.35 
[e.g., 10].  This mass is thought to be differenti-
ated into an ice crust above a silicate mantle. 
Modeling by [11] has shown that a sub-surface 
ocean is possible beneath a convective ice shell. 
Such internal layering would have implications for 
crater morphology, perhaps allowing features such 
as the multi-ringed Tyre on Europa to form as a 
result of a large enough impact. A sub-surface 
ocean at a shallow enough depth to form Tyre-like 
features is unlikely without notable heat flow from 
the interior.  

The morphology of impact craters on Europa 
have been used to infer its crustal thickness and 
heat flow through both analysis of fresh crater 
morphology, and relaxation of topography after 
crater formation [e.g., 12, 13, 14]. Methods that 
use analysis of a single crater can gain a snap-shot 
of the crustal conditions at the time of impact, in 
that specific location. Studies that use the full 

cratering record of Europa can alternatively pro-
vide an assessment of spatially and temporally 
averaged conditions.   

Figure 2 presents example results of numerical 
modeling of impact into an ice target with various 
heat flows and associated sub-surface layering (see 
[13] and [14] for more details). The depth and di-
ameter of the simulated impact craters were meas-
ured and compared with depth-diameter measure-
ments of craters on Europa from [15]. With in-
creasing heat flow, a ‘turn over’ in the depth-
diameter trend occurs at lower crater diameters.  
Once surface observations of Pluto exist, similar 
depth-diameter plots of fresh craters can be con-
structed and the same modeling methods used to 
investigate layering and/or crustal heat flow. 

References:[1] Schenk, P. M. (1991) JGR 96:15635-
15664. [2] Bray V. J. et al. (2012) Icarus, 217, 115-129. [3] 
Schultz, P. H. (1988) in Mercury, Univ. Arizona Press, pp. 
274–335 [4] Zahnle et al. (2003) Icarus 163 (2003) 263–289.  
[5] Melosh, H. J. (1982). JGR 87:371-380. [6] Weaver, H.A.  
et al., (2008) Space Sci. Rev. 140:75–91 (2008). [7] Elder C. 
M. et al. (2012) Icarus, 221, 831-843. [8] Passey, Q. R. and 
Shoemaker, E. M. (1982), Univ. of Arizona Press. pp. 340-
378. [9] Schenk (1993) J. Geophys. Res. 98:7475-7498. [10] 
Olkin, C.B. et al. (2003) Icarus, 164, 254-259. [11] Robuchon 
and Nimmo (2011), Icarus 216:426-439 [12] Nimmo et al., 
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Figure 2: Depth diameter measurements for impact craters on 
Europa [15].  Hydrocode simulation of different sized impacts 
into ice with high, moderate and low (see [13, 14]) heat flow 
were performed and the dimensions of the simulated craters 
measured. High heat flow leads to ‘turn over’ of the depth-
diameter trend at smaller crater diameters. A similar analysis 
of Pluto craters would yield information on globally averaged 
crustal heat flow over recorded geologic time.  



  



THE ORBITS AND MASSES OF PLUTO'S SATELLITES 
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Introduction: Dwarf-planet Pluto and its five cur-

rently known satellites (Charon, Nix, Hydra, S/2011 
(134340) 1, and S/2012 (134340) 1) are the highly an-
ticipated targets of NASA's New Horizons mission in 
2015. New Horizons will be able to obtain unprece-
dented science data on the Pluto system that are likely 
to surprise and excite astronomers. Good-quality orbital 
solutions for Pluto and its satellites are the important 
prerequisites that will assure the success of the mission. 
Here, we provide the latest orbital elements and mass 
estimates for Pluto's satellites based on the most com-
plete dataset to date.   

 
Methods: We report on the numerically integrated 

orbital fits of Pluto's satellites. Our dataset consist of an 
extensive set of astrometric, mutual event, and stellar 
occultation observations obtained between 1980 and 
2012. All relative observations of the satellites with 
respect to Pluto have been corrected for the Pluto cen-
ter-of-figure center-of-light (COF) offset due to the 
Pluto albedo variations [1], [2]. In some instances, we 
also used the relative measurements of the satellites 
with respect to each other. We used bounded-least 
squares algorithm [3] in order to constrain the masses 
of the small satellites. 

 
Results:  The Pluto system mass is well determined 

with current data. However, the Charon's mass still car-
ries a considerable amount of the uncertainty due to the 
fact that the primary source of information for the 
Charon mass is a small quantity of absolute position 
measurements [4], [5], [6] that are sensitive to the inde-
pendent motions of Pluto and Charon about the system 
barycenter. The long-term dynamical interaction among 
the satellites does yield a weak determination of their 
masses. Hydra is the most massive of the satellites and 
also has the best constrained mass. The astrometric data 
for the most recently discovered satellite S/2012 
(134340) 1 not only allowed its orbital determination, 
but they also contributed some valuable sensitivity for 
the mass of Nix. It is important to note that the differ-
ences between the orbits for the case of small satellites 
with zero masses and the case when the masses are non-
zero are on the order of few hundred km at best. It will 
be necessary to have at least 5-10 years of observations 
with few miliarcseconds measurement precision in or-
der to detect such differences. We are just now gaining 
the sufficient data quantity and quality to improve the 
estimates on the masses of the small satellites.  
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The Surface of Charon

M.  W.  Buie1,  1Southwest  Research  Institute,  1050  Walnut  St.,  Suite  300,  Boulder,  CO  80302,
buie@boulder.swri.edu.

Introduction:  The surface of Charon has been very 
difficult  to observed  directly  largely because  it  never 
gets more than an arc-second from Pluto and is usually 
lost in the confusing glare from Pluto.

Mutual Events:  The first technique to be used suc-
cessfully was to use the mutual events in the late 1980's 
to obtain data with Pluto+Charon and for a brief time 
Pluto alone while Charon was hidden from view.  By 
subtracting these two results the properties of Charon 
were  revealed.   Optical  spectra  showed  a  neutral 
colored surface with no spectral features from 0.5-1.0 
microns[1].     Near   infrared   spectra   showed   a   surface 
dominated by water frost[2,3].   Albedo measurements 
indicate a moderately reflective surface, similar to that 
of Uranian satellites[4].

Directly Resolved Observations:  With advancing 
technology, it became possible to directly resolve Char-
on from Pluto.  The Hubble Space Telescope is easily 
able to separate the two as well as adaptive optics sys-
tems on ground-based observatories.

Hubble Space Telescope.  The global  photometric 
properties  of  Charon  have  come from HST observa-
tions[5,6,7].  Here we see that Charon has a small (~8% 
amplitude) lightcurve that is symmetric with the Pluto 
direction.  It clearly does not show a more typical lead-
ing/trailing asymmetry such as  is  seen on other large 
satellites.  The darkest longitude is on the Pluto-facing 
hemisphere.  Charon has a larger photometric variation 
due to the solar phase angle than due to surface variega-
tion.

Near-infrared observations with NICMOS were able 
to  get  well  calibrated  albedo  spectra  of  Charon[8,9]. 
These spectra show the familiar  water  frost  spectrum 
and a frost temperature.  These data are also useful for 
subtracting  Charon  from ground-based  spectra  where 
Pluto and Charon are observed together.

Ground-based Observatories.  Using adaptive op-
tics systems it is possible to separate Pluto and Charon 
and permit direct observations of Charon.  Most of this 
work has concentrated on spectroscopic investigations 
in the near-infrared region.  The most intriguing of this 
work  had  led  to  an  assertion  that  there  are  nitro-
gen-bearing compounds on the surface[10].  This signa-
ture is very weak and appears to be non-uniform.  There 
are  suggestions  that  this  is  endogenic  but  keeping  in 
mind the stream of nitrogen that is being lost from Pluto 
there could be an exogenic explanation as well.

Presentation: This presentation will summarize our 
state of knowledge and layout the current mysteries that 
face us in our understanding of Charon.  It is quite clear 
that the data to be returned from the New Horizons mis-
sion will forever alter our understanding of this  inter-
esting satellite (or double-planet member).
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Seasonal Variations on the Surface of Pluto.
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Introduction:  The  photometric  record  for  Pluto 
spans 1930 to the present  day and contains clues  re-
garding how the surface changes in response to the sea-
sons.  There is a complex interplay between the time 
from  perihelion  and  the  sub-solar  latitude  that  is 
coupled with surface properties.  The changes induced 
are expected to large in some locations while perhaps 
smaller in others.  These changes also couple to the at-
mosphere through the vapor pressure from the surface 
frosts.  The scope of this presentation is to collect the 
clues provided from the photometric record and point to 
how this information connects to other observable phe-
nomena.  New Horizons will undoubtedly contribute to 
understanding the seasonal cycle but will unfortunately 
only provide one epoch.   Full  understanding of these 
processes that shape and sculpt the surface will require 
integrating remote photometry and the detailed views of 
the surface from the flyby.

Datasets:  Photometric  data comes  in  three  basic 
groups.   Photographic  magnitudes  that  span  the  time 
from discovery (near 1930) up to the mid 1950's when 
photoelectric  photometry  superseded  this  technique. 
Such data are intrinsically low in precision but suffi-
cient observations exist to permit constraining the mean 
lightcurve properties[1].

Ground-based data since 1954 has either been based 
on photoelectric photometers or CCD imaging devices. 
In these datasets, as with photographic data, the photo-
metry collected is of the combined light from the Pluto 
system which is clearly dominated by Pluto but Charon 
contributes ~20% of the observed flux.  The best pub-
lished data are still from photoelectric systems but this 
option is no longer possible due to the low galactic latit-
ude of Pluto starting around the year 2000[2].  Progress 
on the data during this recent period has been slow and 
has  required  the development  of  new techniques that 
can compete with the intrinsic quality of photoelectric 
observations.

The Hubble Space  Telescope,  with its  stable  PSF 
and high spatial resolution, has been used to collect sep-
arate photometric properties[3].  With these data is is 
now possible to provide reasonably accurate corrections 
for  all  combined-light  photometry to extract  the indi-
vidual photometric properties  of Pluto from 1930 on-
ward where we have suitable data.

Lightcurve Evolution:  This presentation will show 
the historical and new data on a common footing with a 
systematic  removal  of  the  photometric  signature  of 
Charon.  Basically, we saw a very slight decrease (few 

percent) in mean brightness from 1930 to 1954.  From 
1954 to 2000 the surface can be very effectively de-
scribed as static.  The global color was constant with 
rotation, aspect, and time to a small fraction of a per-
cent.  By 2002 the situation had changed dramatically 
with a global reddening and now a slight modulation in 
color with rotation.  This sharp onset of changes is con-
sistent with some models of volatile migration [4,5] and 
can  be used as  very good diagnostics  to  sort  out  the 
most plausible cases.

Further  observations  will  continue  to  be  valuable 
both for tying in the historical dataset to the New Hori-
zons encounter but also in continuing to monitor Pluto 
in  the  post-encounter  era  as  it  continues  to  move  to 
aphelion and the seasonal cycle continues.

References: [1] B. E. Schaefer, M. W. Buie, and L. 
T. Smith. (2008) Icarus, 197, 590-598.  [2] .M. W. Buie 
and W. M. Grundy (2000) BAAS, 32, 1083.  [3] M. W. 
Buie, W. M. Grundy, E. F. Young, L. A. Young, and S. 
A. Stern. (2010) AJ, 139, 1117-1127.  [4] Hansen, C. J. 
and D. A. Paige (1996) Icarus, 120, 247-265. [5] L. A. 
Young (2013) ApJL, 766, L22.
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Introduction:  Products from the photolysis of the 

primary gaseous constituents of Pluto’s atmosphere, N2, 
CH4, and CO react to form hydrocarbons and nitriles.  
N2 is disassociated starting at about 900 km, while CH4 
and CO are photochemically destroyed starting at about 
140 km.  Since Ly- from the interplanetary medium is 
about as intense as solar Ly- at 40 AU, day time 
photochemistry is only about twice as fast as on the 
night side.   Hydrocarbons such as C2H2 and C2H4 and 
nitriles such as HCN and HC3N are produced largely by 
thermochemical reactions much deeper in the 
atmosphere.  These species also condense out of the 
current atmosphere at altitudes between 5 and 15 km, 
probably producing low hazes and precipitating onto 
the surface.  

Photochemical models have calculated global mean 
production rates for hydrocarbons and nitriles with up 
to 4 carbons (Krasnopolsky and Cruikshank, 1999; Lara 
et al., 1997; Summers et al., 1997).  To date, all 
published models agree that ethane (C2H6), acetylene 
(C2H2), hydrogen cyanide (HCN), and ethylene (C2H4) 
form in Pluto’s atmosphere and are probably deposited 
on the surface.  Summers et al., (1997) and 
Krasnopolsky and Cruikshank, (1999) also predicted 
that diacetylene (C4H2) will be produced and deposited 
on the surface.  Krasnopolsky and Cruikshank (1999) 
argued that cyanoacetylene (HC3N) is produced from 
acetylene and the CN radical, and from hydrogen 
cyanide and the C2H radical. That cyanoacetylene is 
produced through these pathways in Pluto’s atmosphere 
is bolstered by the ab initio calculations of Fukuzawa 
and Osamura (1997).  Table 1 below compares the 
masses of the major organics predicted by these authors 
to form in 1 Gy on the surface of Pluto, in g/cm2 
(assuming the present-day atmosphere).  SSG 97 is 
Summers et al. (1997), LIR 97 is Lara et al. (1997) and 
KC 99 is Krasnopolsky and Cruikshank (1999). 

Persistent frost-free regions probably exist at 
subtropical latitudes, as evidenced by low albedo 
features and possibly the low brightness temperature at 
mm wavelengths.  Seasonal frost migration from the 
edges of the caps poleward leaves the lower latitudes 
frost-free for at least half an obliquity cycle, or 1.5 My.  
Long term migration of volatiles to one pole, driven by 
obliquity (3 My) and longitude of perihelion cycles (3.7 

My) may also have left bands of latitude at ±20° mostly 
frost-free for up to 1 Gy. 

Tropical bands that are persistently free of frost will 
accumulate a layer of hydrocarbons and nitriles 20 m - 
2 mm thick in 1 My, from the present atmosphere. 
Precipitating continuously, the layer builds up as a 
mixture of ethane, acetylene, hydrogen cyanide, 
ethylene, and diacetylene ices.  Higher order 
hydrocarbons are also produced, although at least at an 
order of magnitude lower rate.  On the remainder of the 
planet, the hydrocarbon rain is swamped by frost 
migration, in whose surface deposits it is mixed to an 
average concentration of no more than one part in a 
million.  High energy particles from galactic cosmic 
rays and solar events cook the hydrocarbon-ice brew 
into a dark organic crust.  If the atmosphere collapses 
seasonally, however, the hydrocarbon and nitrile 
deposits would be covered every year, precluding their 
build up.  We would have to look elsewhere to explain 
the low albedo features in the Pluto tropics.  

Table 1.  Production Rates of Organics on Pluto 

Molecule 
g/cm2 - Gy 

SSG 97 LIR 97 KC 99 

C2H6 0.42 25.7 9.0 
C2H2 0.27 9.2 65.0 
HCN 0.54 7.6 14.0 
C2H4 0.54 0.06 6.0 
C4H2 0.34 -- 58.0 
HC3N -- -- 23.0 
Totals 2.11 42.56 175.0 

Method:  We examine two different models of the 
seasonal behavior of Pluto’s atmosphere for the 
distribution of hydrocarbon and nitrile deposits on the 
surface.  These are specific cases of the VT3D volatile 
transport model (Young, 2013); one is a Permanent 
Northern Volatiles (PNV) scenario and the other is an 
Exchange with Pressure Plateau (EPP) model (Young, 
2013).  PNV solutions require high surface thermal 
inertias and a large inventory of surface volatiles, and 
result in a permanent northern cap and a substantial 
atmosphere year-round (Fig. 1a).  EPP solutions result 
from low thermal inertias and smaller volatile 
inventories (Fig. 1b).  Volatiles are shuttled across 
hemispheres, and the atmosphere retains approximately 
its current mass past 2015.  The 9th PNV case, PNV9, 



used a thermal inertia of 3.162 x 103 J m-2 s-1/2 K-1 and 
N2 column mass of 16 g/cm2.  Frost albedo was 0.6; 
non-frost regions had an albedo of 0.2.  Frost emissivity 
was assumed to be 0.8, and non-frost region emissivity 
was 1.0.  The surface pressure never goes below 9 mbar 
and reaches a maximum of 44 mbar in 2030.  EPP7 
used a thermal inertia of 10 J m-2 s-1/2 K-1 and the same 
volatile inventory as PNV9, 16 g/cm2 of N2.  However, 
the frost albedo was assumed to be 0.7 in EPP7, rather 
than 0.6. 

 

Fig. 1a (top)  Sun distance (green) and surface pressure 
(red) for the PNV9 frost transport model.  Fig. 1b 
(bottom) The same parameters plotted for the EPP7 
case (Young, 2013). 

The albedo and emissivity of non-frost regions were 
the same as used in PNV9, 0.2 and 1.0, respectively.  
Frost emissivity was also the same, at 0.8.  EPP7 
describes an atmosphere that briefly inflates for only a 
quarter of the year around perihelion, and will collapse 
by 2040.  Frost transport in each model is quite 
different, as are the regions in which hydrocarbons and 
nitriles are likely to collect.  PNV9 describes an 
atmosphere that rains hydrocarbons and nitriles 

continually and may have permanent non-frost regions 
where they collect circling the maximum perimeter of 
the permanent northern cap.  In EPP7, photochemistry 
only occurs during a quarter of the year, and the tiny 
quantity of organics produced are probably mixed with 
the collapsed atmosphere. 

We use the atmospheric radiative-conductive model 
of Strobel et al. (1996) with enhancements described in 
Zalucha et al. (2011) to calculate the temperature 
profile at 24 points equally spaced over a Pluto year.  
The VT3D volatile transport code is used to track the 
deposition of frost on the surface over each of these 
intervals.  We will use a new photochemical-
thermochemical code to calculate the deposition of 
hydrocarbons and nitriles for both cases over 1 My and, 
more speculatively, over 1 Gy.  In our poster, we will 
also discuss the observable consequences for the 
deposition of organics in frost-free regions for each 
case. 
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Introduction:   The rotational light curve is a first-

order description of the distribution of albedo patterns 
on the surface of an airless body. Changes in the rota-
tional light curve through time provide a direct meas-
urement of volatile transport, once all corrections to 
changes in viewing geometry have been modeled. 
Changes in the color of the light curve are also signifi-
cant, because frosts tend to be blue in the visual part of 
the spectrum.  Because of their substantial obliquity, 
Pluto and Triton should exhibit seasonal volatile trans-
port on their surfaces [1]. This transport is associated 
with the sublimation of gasses into the atmosphere, 
leading to substantial changes in the vapor pressures of 
methane and nitrogen.  Rotational light curves of Pluto 
have been obtained since 1950 and can be compared to 
a static frost model constructed from HST maps [2]. For 
five decades, between 1950 and 2000, Pluto’s light 
curve was consistent with a stable albedo pattern [3]; 
see Figure 1. In 2007, there were indications that vola-
tile transport was occurring [4]. New HST maps of 
Pluto also suggest recent volatile transport [5].   

 
Figure 1. The amplitude of Pluto’s light curve through 
time, based on historical observations. The solid line is 
a static frost model, based on HST maps. The last two 
points are recent measurements from Table Mountain 
Observatory (TMO) showing seemingly contradictory 
results. Based on [3], with recent data added in.  
 
      Observations 2012-2013:  Rudimentary measure-
ments from JPL’s Table Mountain Observatory (TMO), 
obtained during 2012 at the expected maximum and 
minimum of the light curve, surprisingly suggest a 
static model. It is critical to get a complete light curve 
prior to the New Horizons encounter to understand 

whether volatile transport is now occurring, to expand 
the timeline of observations from the fast, single flyby, 
and to correlate surface volatile transport with changes 
in atmospheric pressure. As Pluto moves out of the 
densest part of the Milky Way, observing circumstances 
are becoming more favorable (see Figure 2) 
 

 
 

Figure 2.  Pluto’s star field in late July 2012.  
 
       During the summer of 2013, while Pluto is at oppo-
sition, a team of students will be obtaining a current 
light curve of Pluto on the 24-inch telescope at JPL’s 
Table Mountain Observatory with the BVR filter sys-
tem. Data analysis procedures will be implemented with 
standard routines from IRAF, with absolute photometry 
being accomplished by frequent measurements of Lan-
dolt standard stars each night. Twelve nights have been 
assigned for June 2013, and an additional 9 nights will 
be requested in July. If these observations are all suc-
cessfully obtained, a dense three-color rotational light 
curve of Pluto will be the result. In addition, we should 
be able to detect any opposition surge on Pluto (al-
though the minimum solar phase angle does not occur 
for another few years). Color and albedo changes will 
also be measured.  
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Buie, M. W. et al. (2010) Astron. J., 139, 1128.   
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The dwarf planet Haumea, its two moons, and asso-

ciated collisional family provide a unique Kupier Belt 
system of study for comparison to the Pluto system. 
Haumea exhibits many interesting properties, is the 
only known KBO aside from Pluto with multiple 
moons, and is the only other KBO that has been ob-
served deeply enough to detect moons of a size compa-
rable to P4 and P5. We present a deep, non-linear shift-
and-stack satellite search in the Haumean system. We 
find no third satellite and place firm constraints on the 
presence of satellites above a size of ~10 km at distanc-
es above ~8000 km (near the stability limit). The ab-
sence of a cohort of small satellites in the Haumean 
system suggests that the collisional family formed in a 
manner quite different from the Pluto, although both 
systems are believed to have resulted from low velocity 
impact events. Moreover, we show that such a non-
linear search, where shift rates are usually assumed to 
be quadratic in time, is made much more tractable by 
sampling only unique quadric rates that correspond to 
physical orbital parameter space, as suggested by Par-
ker and Kavelaars 2010. This incarnation of the shift-
and-stack search method can be applied to search for 
and characterize small moons around other KBOs. It 
can be fruitfully applied in the Pluto system to both 
search for even smaller satellites and to improve 
astrometric constraints on the small satellites even 
when they are not detected in individual images. We 
acknowledge funding from NASA through grant HST-
GO-12243 from the Space Telescope Science Institute. 
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Introduction: Observations of Pluto, Charon, and 

other TNOs at long wavelengths offer a unique method 
of determining not only surface, but also subsurface 
temperatures and properties.  For Pluto and Charon, 
determining the distribution of temperature across their 
surfaces is important in trying to understand which vol-
atiles are dominant in different locations.  Since Pluto’s 
atmosphere is in vapor-pressure equilibrium with sur-
face frosts, understanding the volatile distribution is 
also key in understanding the atmosphere [1]. For all 
such icy bodies, the temperature at depth yields clues as 
to subsurface composition and physical state (amount 
of cracks and voids in the ice, for instance).  And for 
those TNOs without an accurate diameter determina-
tion, the method of thermal radiometry can be used with 
such observations to determine their diameters (and 
hence density for the ~60 with companions that have 
known masses) [2-4]. 

Temperature of Pluto and Charon: The expected 
equilibrium temperature for an icy body at the distance 
of Pluto is ~53 K.  IRAS observations indicated that the 
surfaces of Pluto and Charon were indeed at 55-60 K 
[5,6].  This was later confirmed by ISO and Spitzer 
[7,8], though the ISO and Spitzer observations showed 
that there must be different surface types on Pluto.  Ear-
ly millimeter wavelength observations showed colder 
temperatures, near 40 K [9-11].  It was suggested that 
these low temperatures, at least on Pluto, could be 
caused by the surface being in vapor-pressure equilibri-
um with N2 gas in a tenuous atmosphere, and this was 
later confirmed by observation [12].  The combined 
observations were thus understood in the context of a 
Pluto with parts of its surface in N2 vapor-pressure 
equilibrium, but not entirely, and a Charon covered 
mostly with water ice and having no atmosphere. 

None of these previous observations resolved Pluto 
from Charon, however, so modeling was required to 
determine the relative contributions of the two bodies to 
the combined emission.  In 2005 we obtained the first 
such observations of the separated thermal emission 
from Pluto and Charon, using the SubMillimeter Array 
(SMA), shown in Figure 1 [13].  We have since ob-
served similarly with the SMA on two more occasions.  
These observations confirm the different surface tem-
peratures on Pluto and Charon.  We have also since 
observed with the Very Large Array (VLA) at even 
longer wavelengths, as shown in Figure 2 [14]. 

 
Figure 1. The emission from Pluto and Charon at 1.4 mm 
from the SMA.  The separation of the two bodies is clear. 

 

Figure 2. The emission from Pluto and Charon at 1 cm 
from the VLA. 

Temperatures of Other TNOs: A number of 
TNOs have had their emission measured at thermal 
wavelengths, especially with the recent Spitzer and 
Herschel programs [3,4], but very few at wavelengths 
of millimeters or longer.  Only the largest have had 
such observations [15-19].  We have carried out obser-
vations of the TNOs Makemake, Quaoar, and 2002 
TC302 with the VLA, with detections for the first two 
and a non-detection for the third [14]. 



Modeling Long Wavelength Emission: Given an 
equilibrium physical temperature Te for a body, the 
expected flux density is simply the product of the 
Planck function (using a brightness temperature of Tb=ε 
Te for thermal emissivity ε), and the solid angle sub-
tended by the source (equal to πR2/D2 for source radius 
R and distance D).  The main uncertainties in the equi-
librium temperature are the values of the optical albedo, 
the rotation state (which determines heat penetration 
into the subsurface), and the surface macroscopic 
roughness (which determines the so-called “beaming 
parameter” if one uses one of the standard thermal 
models).  For the flux density, the diameter of the body 
is the main uncertainty.  In addition, one must recall 
that we are sensitive only to the difference of emission 
between the body and the background temperature at 
the current location of the body, which includes mostly 
galactic and Cosmic Microwave Background (CMB) 
emission.  Using information on the physical properties 
of Pluto, Charon, and the larger TNOs [3], along with 
an estimate of the background emission at the location 
of the body during the observation (obtained from ei-
ther WMAP or Planck observations depending on the 
wavelength [20,21]), it is straightforward to calculate 
the predicted flux density from any of these targets, or, 
conversely, given an observation of the flux density to 
derive the brightness temperature and hence other phys-
ical characteristics.  Note that observations of Pluto and 
Charon were particularly difficult in the late 2000’s as 
its path crossed the galactic plane multiple times, mak-
ing the estimate of the background emission particular-
ly important (Figure 3).  We will present all of our pre-
vious observations of these bodies, along with their 
interpretation, within this framework. 
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Figure 3. The path of Pluto and Charon, plotted in galac-
tic coordinates over the 1 cm background emission meas-
ured by WMAP.  The times of our observations are shown 
as the red circles.  The bodies spent significant time in or 
near the galactic plane, where there is significant back-
ground emission even at millimeter and centimeter wave-
lengths. 
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Introduction: Transneptunian  objects  (TNOs)  are 
relics, relatively unaltered, of the Solar System forma-
tion so that they provide invaluable information about 
the  history  and  evolution  of  the  outer  Solar  System. 
Pluto is, by far, the best studied TNO and is on the spot 
with NASA's New Horizons space mission.

When ground based observational techniques are con-
sidered, those based on stellar occultations are the only 
ones capable of providing the determination of dimen-
sions with kilometric accuracies [1][2] and the detec-
tion of atmospheres as tenuous as few nanobars [3][4] 
to  those  objects.  By  their  nature,  stellar  occultations 
also  provide  relative  positions  between  the  occulting 
and  occulted  bodies  with  milliarcsecond  accuracy  so 
that a careful astrometry of the occulted star results in 
an accurate position of the occulting body. In this work, 
we profit from a number of stellar occultations by Pluto 
to  derive  accurate  offsets  between  its  observed  and 
ephemeris positions. From these offsets, we show that 
an underestimation of  the  heliocentric  ephemeris  dis-
tance of Pluto is a possible explanation to the offsets we 
find in right ascension.

Astrometry of Pluto: Observations of Pluto,  in most 
cases, do not possess enough angular resolution to re-
solve it from Charon so that Pluto's photocenter is not 
directly accessed: one has to correct it for the nearby 
presence  of  Charon. In  addition,  since 2005, Pluto is 
seen from Earth in  a  region of  the  sky that  is  back-
grounded by the Galactic plane. As a consequence, we 
have: the average colour of the reference stars is redder 
than Pluto's colour – so that chromatic differential re-
fraction should be  taken into consideration – and the 
high density of stars frequently makes it difficult to dis-
entangle  Pluto  from faint  objects  in  the  background. 
Corrections for the effects of the photocenter displace-
ments due to the presence of Charon and from the chro-
matic differential refraction can be found in the work 
by Benedetti-Rossi  et al. [5], where positions of Pluto 
are obtained from fifteen years of optical observations. 
All  these  effects,  however,  contribute  to  increase  the 
uncertainty on the observed Pluto's position. From stel-
lar occultations, however, better accuracies are possible.

When Pluto – or any other TNO – occults a star, the rel-
ative positions of both bodies can be obtained with mil-
liarcsecond precision. Then, a careful astrometry of the 
occulted star,  inlcluding its  proper  motion determina-
tion  when necessary, may result in a final accuracy of 
about 20 milliarcseconds to the position of Pluto.

In Fig.1, the blue and green curves show Δαcosδ in the 
sense observation, as obtained from stellar occultations, 
minus  ephemeris  (DE418).  For  the  blue  curve, 
ephemeris right ascensions are taken without modifica-
tions. For the green curve, the heliocentric distance of 
Pluto is changed by ∆h so that the respective ephemeris 
right ascensions are geometrically corrected according-
ly. The red curve shows Δδ in the sense observation, as 
obtained  from  stellar  occultations,  minus  ephemeris 
(DE418). This curve is fully used in our predictions of 
stellar occultations by Pluto.

Figure 1. Positional offsets in the sense observation, as obtained from 

stellar occultation, minus ephemeris for Pluto. Blue: observed offsets 

in right ascension. Green: observed offsets in right ascension as ob-

tained by changing the ephemeris heliocentric distance of Pluto by ∆h 

and geometrically correcting the respective right ascensions accord-

ingly.  Red  curve:  observed  offsets  in  declination.  The  planetary 

ephemeris used here is DE418.

The model we developed to relate the observable with 
the error in distance is given by



h
d g

cosh sin h−g=cosg , (Eq.1)

where the right part of the equation is the observable 
(the points linked by the blue lines in Fig.1). The quan-
tities dg, αh, δh, αg, and δg are all given by the ephemeris 
(DE418) and represent, respectively, Pluto's geocentric 
distance, heliocentric right ascension, heliocentric dec-
lination, geocentric right ascencion and geocentric dec-
lination.  ∆h is  the  error  on  heliocentric  distance  we 
want to determine. With this model, we find that Pluto 
is further from the Sun by 28.500 km (+/– 10.300 km, 
1σ) as compared to the distance given by DE418. When 
the obtained ∆h is replaced in Eq.1, we can derive the 
corrected offsets shown in Fig.1 (green curve).

The  dotted  lines  in  Fig.1  are  determined  by  least–
squares. For the red curve, all Δδ are used in that deter-
mination.  For  the  blue  and  green  curves,  only  those 
Δαcosδ not obtained (identified by small squares) close 
to Pluto's opposition were used in the least–squares. In 
fact, those Δαcosδ close to Pluto's opposition (identified 
by asterisks) are not well fit by Eq.1. We labled as op-
position data all those from observations made in June.

It is interesting to notice that, with respect to the respec-
tive  dotted lines,  the dispersion of  the  Δαcosδ in the 
blue curve (small squares only) is 40 milliarcseconds 
whereas the dispersion of the Δαcosδ in the green curve 
(small  squares  only)  is  23 milliarcseconds.  For refer-
ence, the dispersion of the Δδ in the red curve is 16 mil-
liarcseconds.  These results  support  the existence of  a 
measurable ∆h.

Considerations: Any model that takes into account the 
shape  of  the  blue  curve  would  provide  a  green  one 
where the smaller dispersion presented above is veri-
fied. However, given a position of the Earth in its orbit, 
the observed right ascension of Pluto will be greater or 
less than that given by the ephemeris under the hypoth-
esis of an heliocentric distance underestimation and it is 
interesting to notice that the signs of the respective off-
sets in Fig.1 are compatible with such scenario.

We also notice that the ratio σΔh/∆h is large. It is not to 

be expected that  ∆h in Eq.1 is the only effect to con-
tribute to the observed offsets in right ascension shown 
in Fig.1. This supports the assumption that the heliocen-
tric distance is not the only source of positional error. In 
addition, the reference catalogue for astrometry used in 
this work was the UCAC2 so that migration to UCAC4 
should contribute (perhaps only marginally) to a small-

er  σΔh/∆h.  Also, considering the DE413, the DE418, 
and the DE421, the more recent the ephemeris the fur-
ther Pluto is placed from the Sun. Therefore, new Pluto 
positions – including those from occultations – are an 
important contribution to future planetary ephemerides 
as far as Pluto is concerned.
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Introduction:  Pluto and its massive satellite, 

Charon, are thought to have formed as a result of a gi-
ant impact (e.g., [1]).  The most successful impacts 
form Charon as an intact object on an initially eccentric 
orbit, and imply that Pluto and Charon should have 
broadly similar compositions [2].  The origin of Pluto’s 
four small satellites remains less well understood and 
they may represent either debris from the Charon-
forming impact or captured material.   

Giant Impact Origin of Pluto-Charon:  A colli-
sion origin for Pluto-Charon is favored because of the 
pair’s high angular momentum, which can be most 
readily explained by a large, grazing collision.  While 
such collisions are improbable in the current Kuiper 
Belt, they would have been more common in a more 
massive, less dynamically excited primordial Kuiper 
Belt.  

Smooth particle hydrodynamics (SPH) simulations 
of potential Pluto-Charon forming impacts have consid-
ered a range of impactor and target masses and compo-
sitions, impact velocities, pre-impact spin states, and 
impact angles [2].  Two types of impacts were shown 
capable of producing a satellite as massive as Charon 
(i.e., having a satellite-to-planet mass ratio q ≈ 0.12).  
In the first, a grazing, low-velocity collision involving 
similarly sized, differentiated objects (with ice mantles 
and rock or rock-metal cores) produces an orbiting disk 
of ice, with the rocky cores of both of the colliding ob-
jects absorbed by the final planet.  The disk produced 
by this type of collision would yield a predominantly 
icy satellite whose density is substantially lower than 
that of the planet.  Although such a “graze and merge” 
collision has been advocated for the origin of the large 
KBO Haumea and its ice-rich collisional family [3], 
both Charon’s sizeable rock fraction and its large mass 
relative to Pluto are rather difficult to explain through 
such a scenario [2].   

The more probable impact scenario involves an 
oblique, low-velocity collision by a largely undifferen-
tiated impactor containing ≥ 0.3MPC, where MPC is the 
total mass of Pluto and Charon. With an undifferenti-
ated impactor, the binary forms directly as a result of 
the collision, with the satellite arising from an intact 
portion of the impactor.  The final satellite’s composi-
tion is in this case similar to that of the impactor (i.e., a 
mixture of rock and ice), and its initial orbit is quite 
eccentric.  Several dozen cases displaying this behavior 
produced binary pairs with 0.03 < q < 0.36 and system 
angular momenta similar to that in the Pluto-Charon 
pair [2].   

A Pluto-Charon forming impact leads to little ice 
vaporization.  The energy deposited in Pluto by the 
impact, in combination with prior accretional and later 
radiogenic heating, seems most consistent with ice 
melting and a differentiated state.  In constrast, an un-
differentiatied state for Charon appears probable. 

Origin of Small Satellites:   Tiny Nix, Hydra, P4 
and P5 occupy essentially co-planar orbits with Charon 
and are located near the 3:1 (P5), 4:1 (Nix), 5:1 (P4), 
and 6:1 (Hydra) mean-motion commensurabilities with 
Charon.  The small moons’ orbital properties suggest 
that they formed within a dissipative disk.   One way to 
create a low-mass disk is from debris leftover from the 
Charon-forming impact.  If the impactor is partially 
differentiated with a thin ice shell overlying a mixed 
ice-rock interior, a single collision can generate an in-
tact Charon together with a dispersed disk whose mass 
is comparable to or larger than the combined masses of 
the small moons [4].  In these cases, the composition of 
the disk varies from a mixture of rock and ice to pure 
ice.  However the debris disk typically extends out to 
only 20 Pluto radii or less, well interior to the current 
orbits of Pluto’s small moons that orbit exterior to 35 
Pluto radii.  

It was proposed [5] that Nix and Hydra were 
trapped into corotation resonances with an initially ec-
centric Charon, and were resonantly driven  outward to 
their current locations as Charon’s orbit tidally ex-
panded.  However later works found that Nix and Hy-
dra cannot simultaneously be transported in this manner 
[6-7].  Recent work [8] suggests that the small moons 
may either be captured or that they formed due to colli-
sions among debris from the Charon-forming impact 
that was perturbed by the binary onto escaping orbits.   
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Introduction: The LOng-Range Reconnaissance 

Imager (LORRI) is the highest resolution imaging in-
strument on NASA’s New Horizons mission to Pluto 
and the Kuiper Belt. New Horizons is the first mission 
in NASA’s New Frontiers program and was successful-
ly launched on 2006-Jan-19 [1]. After a 9.5 year inter-
planetary journey, the  New Horizons spacecraft will 
fly ~12,500 km above the surface of Pluto in July 2012, 
providing the first in situ investigation of this fascinat-
ing system comprised of the dwarf planet Pluto, its 
large moon Charon, and at least four small satellites 
(Nix, Hydra, P4, and P5). LORRI has the sensitivity 
and dynamic range required to image these multiple 
targets at illumination levels only 1/900th of those on 
Earth, and with a resolution of ~100 m during closest 
approach to Pluto. 

Design: LORRI is a narrow angle (field of 
view=0.29°), high resolution (4.96 µrad pixels), 
Ritchey-Chrétien telescope with a 20.8 cm diameter 
primary mirror, a focal length of 263 cm, and a three 
lens field-flattening assembly (Fig. 1). LORRI’s total 
mass and power draw are 9.0 kg and 4.6 W, respective-
ly. A 1024 × 1024 pixel (optically active region), 
thinned, backside-illuminated charge-coupled device 
(CCD) detector from E2V is used in the focal plane unit 
and is operated in frame transfer mode. The design and 
fabrication of LORRI are described in Conard et al. [2]. 

LORRI provides panchromatic imaging over a 
bandpass that extends from about 350 nm to 850 nm. 
LORRI operates in an extreme thermal environment, 
situated inside the warm spacecraft with a large, open 
aperture viewing cold space. LORRI has a silicon car-
bide optical system, designed to maintain focus over the 
operating temperature range without a focus adjustment 
mechanism. Moreover, the spacecraft is thruster-
stabilized without reaction wheels, placing stringent 
limits on the exposure time and the optical throughput 
needed to satisfy measurement requirements. 

LORRI has flexible exposure control. Exposure 
times can be set either manually, using values between 
0 and 30 s at 1 ms increments, or via autoexposure, in 
which the integration time is determined autonomously 
from the observed brightness of the target. During ob-
servations in the Jovian system, excellent imaging was 
obtained with exposure times of only a few millisec-
onds. Typical exposure times during the Pluto encoun-
ter are 100-150 ms. In 2012 the LORRI flight software 
was modified to enable trigger mode operation, in 
which LORRI saves images during a pointing scan only 

when the target is within the field of view, reducing 
data volume requirements. LORRI images can be taken 
at a maximum rate of once per second. LORRI images 
are digitized to 12 bits and can be stored and down-
linked using either lossless or lossy compression. 

Performance: LORRI underwent extensive ground 
testing and calibration prior to launch [3]. After launch, 
LORRI was commissioned for operations during the 
summer and fall of 2006, followed by annual perfor-
mance monitoring [4]. The measurement requirements 
and scientific objectives of LORRI, and the processing 
steps required to calibrate LORRI data, are described 
by Cheng et al. [5]. 

LORRI has not shown any evidence of performance 
degradation since launch. The point spread function 
varies over the field of view but is stable over time (the 
best fit gaussian FWHM is 1.8−2.4 pixels in the row 
direction and 2.5−3.1 pixels in the column direction, 
depending on the location; the CCD’s charge transfer 
efficiency is better in the row direction). The flat field 
and photometric sensitivity are stable over time to with-
in a few per cent. The read noise is ~24 e, as it has been 
since pre-launch testing. There is no evidence of radia-
tion damage to the CCD (New Horizons is powered by 
a radioisotope thermoelectric generator), and only a 
handful of cosmic ray events are detected during typical 
exposures. 

Some examples of LORRI’s in-flight imaging per-
formance are shown in the figures. Remarkably, 
LORRI produced superb images of objects in the Jovian 
system (Figs 2 & 3) even though those bodies are ~35 
times brighter than the targets LORRI was designed to 
observe in the Pluto system. LORRI’s exceptional sen-
sitivity is demonstrated by the long exposure of the 
Pluto approach field, where stars as faint as V≈18 are 
detected (Fig. 4). LORRI’s optical design is not opti-
mized for scattered light rejection, but LORRI produced 
exciting scientific results during high solar phase angle 
observations in the Jovian system. 
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Fig. 1: Photograph of LORRI during laboratory testing 
prior to integration into the New Horizons spacecraft.  

 
Fig. 2: During the New Horizons flyby of Jupiter, 
LORRI captured many spectacular images of active 
volcanos on Io. The above LORRI image was taken on 
UT 2007-Feb-28 11:04 at a range of 2.4 million km, a 
phase angle of 102°, and a resolution of 12 km. LORRI 
captured a 5-frame sequence of a Tvashtar eruption 
over an 8-min period, providing the most detailed view 
ever obtained of the dynamics of an extraterrestrial vol-
cano. 

 
Fig. 3: LORRI made the highest resolution observa-
tions of the Little Red Spot on Jupiter, allowing a de-
tailed mapping of the winds in this giant hurricane. 

 
Fig. 4: Composite of five LORRI images taken on 2012 
June 1 during a New Horizons annual checkout. Each 
LORRI image had an exposure time of 10 sec and was 
obtained in 4x4 format (i.e., on-chip binning over 16 
pixels during CCD readout). This star field is centered 
near the expected location of Pluto during the entire 
period from January 2015 until approximately 1 month 
prior to closest approach. In fact, Pluto is already seen 
within the LORRI field of view during this observation 
3 years before closest approach (Pluto is circled in red). 
This deep exposure reaches down to V≈18. The black 
tails to the right of the bright, saturated stars are caused 
by amplifier undershoot.  
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Introduction:  

The majority of Pluto- and Charon-sized icy satel-
lites that we have visited with spacecraft show evidence 
of past, or even current tectonic activity on their sur-
faces.  Tectonic activity is particularly intense and 
widespread on bodies that have experienced significant 
tidal flexing during their dynamical evolution.  Possible 
driving forces for tectonic activity include: changes in 
the rotational and tidal equilibrium figure of the body; 
diurnal tidal deformation; volume changes due to freez-
ing/thawing of an interior ocean; thermal or composi-
tional overturn within the ice crust; and/or lateral flow 
due to variations in ice shell thickness. 

Observations of Pluto’s tectonics by New Horizons 
may give us insight into the orbital evolution of the 
binary system [1-3].  At first glance, Pluto and Charon 
would seem to be exempt from tidally driven tectonics 
because they do not orbit a giant planet.  However, their 
proximity and the associated tidal forces on each other, 
particularly in the immediate aftermath of the Charon-
forming impact, raises the question of whether tides 
could generate significant stresses to deform their sur-
faces. 

 
Tidal Stresses During Early Dynamical Evolution:  

In successful Pluto/Charon-forming simulations, 
Charon’s initial orbital semi-major axis after the impact 
ao ranges from 3.7 to 21 Rp (where RP is Pluto’s radius; 
Canup, personal communication). Immediately follow-
ing the Charon-forming impact, we assume that Charon 
is launched into a highly eccentric, co-planar orbit 
around a rapidly spinning Pluto [cf. 4].   After the im-
pact, Charon de-spins until it is in a synchronous orbit 
where its spin frequency ωo, is equal to its orbital fre-
quency, no, over a time scale τsync~0.35Qc yr [4].   For a 
nominal quality factor for Charon, Qc~100 [5], this 
gives τsync~35 yr [4].    

Through subsequent orbital evolution, Pluto’s spin 
angular momentum is transferred to Charon’s orbit, 
allowing Charon to recede from (or in some cases, 
come closer to) Pluto until they reach their current mu-
tually tidally locked state.  Pluto’s initially rapid spin 
and Charon’s proximity to Pluto result in the raising 
and lowering of a large tidal bulge on a frequency ωp-n.  
It is this bulge that exerts a torque on Charon and drives 
its orbital evolution. 

A crude estimate of the tidal distortion of Pluto dur-
ing its early period of rapid rotation can shed light on 

the stresses exerted on its lithosphere during this early 
phase of orbital evolution.  The magnitude of the strain 
(ε) on Pluto’s lithosphere due to the tidal deformation is 
also related to the degree-2 Love number of Pluto (k2,p) 
and the system properties [4,6], 
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for ao~3.7Rp and a nominal k2,p~ O(10-3).  This implies 
stresses of order σ~2µε ~ 100 MPa, where µ=3.6x109 
Pa is the shear modulus for water ice.  These values of 
stress are significantly higher than the ~2 MPa tensile 
strength of polycrystalline water ice at outer solar sys-
tem temperatures [7], or the ~0.1 MPa yield stress of 
temperate polycrystalline water ice inferred from terres-
trial ice sheets [8], or the lower yield stress of the litho-
sphere of Europa inferred from models of the formation 
of its tectonic features [e.g., 9-12].  This suggests that 
the tidal stresses may be sufficient to fracture Pluto’s 
surface and create tectonic features. 

 
Model: 

Here, we calculate the stresses built up in the litho-
spheres of both Pluto and Charon during post-impact 
tidal evolution.  The time scale over which Charon’s 
orbit evolves depends sensitively on the tidal quality 
factor, Q, of Pluto, which prior studies assume is a con-
stant, nominal value Q~100.  We use the SatStress 
software package [13] to estimate Q for layered, viscoe-
lastic plutos to provide more realistic constraints on the 
orbital evolution time scale of the system. The calcu-
lated distortions to the figure of Pluto are transformed 
into stresses using the thin elastic shell approximation 
[14]. 
 
Results: 

The value of Q depends strongly on the internal 
density structure of Pluto.  We find only two options for 
self-consistent models: 

 
Option A – Cold and Dead: Undifferentiated plutos 

with even a modest near-surface layer of highly viscous 
cold ice and no internal ocean experience essentially no 
tidal bulging, and have orbital evolution time scales 
longer than the age of the solar system, unless the effec-
tive viscosity within Pluto can be lowered below ~1015 
Pa s, close to the viscosity of pure water ice at its melt-
ing point, and with a small grain size, d<1 mm [15]. 
Such low viscosity values would not be consistent with 



a realistic interior structure of an ice/rock Pluto warmed 
from within by radiogenic heating.   

 
Option B – Warm and Vigorous: A second self-

consistent interior model is differentiated, with an in-
ternal liquid water ocean separating the ice shell from 
the rocky interior.  Such an ocean may be formed 
through radiogenic heat flow into a conductive lid [16], 
and/or by tidal heating after the Charon-forming im-
pact.  Pluto ice shells that have a uniform viscosity less 
than ~ 1019 Pa s (corresponding to a temperature of 190 
K assuming a melting point viscosity of 1014 Pa s and 
flow by Newtonian volume diffusion) that do not have 
a cold near-surface layer (as may be the case in Pluto 
immediately after the P/C-forming impact) can be 
strongly heated by their tidal evolution, which in this 
case, is rapid, lasting only tens of Ma.  We find that the 
presence of a high-viscosity surface ice layer does not 
inhibit tidal flexing of the satellite because the ocean 
de-couples the ice shell from the interior and allows it 
to deform.  This situation leads to the most rapid orbital 
evolution time scales for the Pluto-Charon system.  In 
this case, hundreds of MPa of stress due to de-spinning 
can be built up in Pluto’s lithosphere, which could drive 
global tectonics.  Despinning reduces the oblateness of 
the spheroid along the polar axis, causing east-west-
oriented extensional features (e.g., normal faults) near 
the poles and north-south-oriented contractional fea-
tures (e.g., thrust faults) near the equator.  A similar 
distribution of features was predicted for Mercury [14], 
but only contractional featurs are observed in that case, 
suggesting that the overall tectonic regime may have 
been modified by global cooling and contraction [17].  
Pluto’s tectonics may be similarly modified by interior 
volume changes [e.g., 16], but the sign depends on 
whether the ocean is melting or freezing at the time of 
despinning. 

 
Predictions for New Horizons observations: The 

presence of lithospheric fractures on Pluto and the pre-
sent-day dynamical state of the system would be consis-
tent with a Pluto that at one time in its history harbored 
a liquid water ocean.  An ocean seems to be required to 
permit large ice shell deformations through tidal 
mechanisms.  A thick lid of cold near-surface ice (as 
would be expected on Pluto given its cold surface tem-
peratures) is required to “store” stress over the dynami-
cal evolution time scale of the system.  The ratio be-
tween the viscosity of the surface ice and the lower, 
warmer ice shell must be greater than 107 for stresses to 
be maintained over the orbital evolution time scale. In 
the absence of a near-surface cold ice layer (i.e., if the 
near-surface ice has a low viscosity), lithospheric 
stresses would relax over the time scale of orbital evo-

lution, and no fractures would be observed.  If we do 
observe tectonic features on Pluto, they will give us 
insight into changes in the interior state of Pluto imme-
diately following the Charon-forming impact; estimates 
of the thermal energy deposited by the impact can elu-
cidate the early (pre-impact) thermal state of Pluto. 
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Figure 1: Orbital evolution timescale of the Pluto-
Charon system from formation to present state, assum-
ing a differentiated Pluto with an internal ocean.  The 
horizontal axis plots Charon’s initial orbital radius (ao) 
in units of Pluto radii (rp).  The vertical axis plots the 
effective viscosity of the ice shell, below a stiff upper 
lid, assuming constant viscosity over the timescale of 
orbital evolution.  Gray areas at the top of the plot show 
inaccessible regions in parameter space in which the 
Pluto-Charon system never reaches its current state 
within solar system history. 
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Introduction: With temperatures. 40 K, the sur-
faces of both Triton and Pluto are composed of com-
plex combinations of various ices. On Triton, six differ-
ent ices have been confirmed on its surface: N2, CH4,
CO, and CO2 [1, 2], H2O [3], and HCN [4]. On Pluto,
however, only solid N2, CH4, and CO have been clearly
detected in prior studied in its near-infrared spectrum
[5, 6].

Photochemical modeling of the atmospheres of Pluto
and Triton and laboratory experiments of irradiated ices
predict the formation of a number of molecules, includ-
ing hydrocarbons and nitriles, that should contribute to
the formation of atmospheric hazes and surface deposits
[7, 8, 9]. Given these avenues for production, C2H6 is
thought to be the most abundant photo product. Its pres-
ence has been established on Triton [10, 11] and sus-
pected on Makemake [12]. However, the detection of
C2H6 on Pluto has remained to some degree ambiguous
[11, 13].

The investigation by [11] analyzed several spectra in
theH andK-bands (1.4-2.5µm). In consideration of
all the available C2H6 bands in theH andK bands,
[11] concluded that four bands of pure ethane from
laboratory data match the Pluto spectrum reasonably
well, suggesting that a few percent of this molecular
ice is present on the surface. However, they noted dis-
crepancies between the observations and models near
2.317µm.

We bring new infrared spectroscopic data to bear on
this problem. With these data, we establish that to de-
scribe the spectrum of Pluto at moderate resolving pow-
ers (λ/∆λ ∼ 1600) such as our data and those analyzed
by [11], models must address the contribution of Pluto’s
atmosphere. By including an atmospheric component,
the discrepancies seen by [11] near 2.317µm can be
explained.

Observations: We presentK-band observations of
Pluto obtained using Gemini North 8-m telescope on
June 27, 2004. The 2 pixel (narrowest) slit on the
NIRI (Near InfraRed Imager) instrument was used. This
slit gives a resolving power (λ/∆λ) of ∼1550 at these
wavelengths. The slit was oriented along the Pluto-
Charon axis to obtain simultaneous spectra. The seeing,
for most of the observations, was 0.8-1.0′′ and Pluto and
Charon were not resolved.

Data Reduction: The data were reduced using in-
house IDL programs. Prior to extracting the 1-D spec-
trum, the data were pretreated to remove several elec-
tronic patterns. These patterns become more apparent
when the data are read-noise limited. We remove three

patterns: (i) bias offsets, (ii) banding and (iii) striping.
The bias differences are estimated by taking the median
of the non-illuminated portion of each quadrant. The
four median values are averaged and a constant is added
to each quadrant so the median background equals the
average value. Banding is a 16-pixel wide pattern seen
in the spectral images that runs perpendicular to the
spectrum. The pattern is measured in each quadrant and
removed. Striping is an alternating pattern that is par-
allel to the spectrum. The intensity of the alteration is
sensitive to the flux incident on a given pixel. This strip-
ing pattern is measured in each quadrant and removed.

The extraction of the 1-D spectrum generally follows
the method of optimal extraction by [14]. This method
is most useful in the extraction of low signal-to-noise
(SNR) data and can result in a final SNR that is equiva-
lent to a 70% increase in the exposure time.

We determine the wavelength calibration by identify-
ing night sky lines. We estimate that the wavelength
calibration is good to 0.03 and 0.10 pixels (with a wave-
length dispersion of 7.09̊A/pix), depending on the spec-
trum and wavelength. The standard star observations,
which range in airmasses similar to the observations of
Pluto, are used to model the telluric and solar absorption
spectrum at the airmass of the Pluto observations. These
models are used to convert the Pluto spectra to albedo,
correct for telluric and solar absorption and correct for
instrument response by dividing Pluto by the model. A
weighted average spectrum of Pluto is then obtained.

Data Analysis: Analysis of the observations is per-
formed by fitting spectral models which combine ab-
sorption from the surface using Hapke theory, and ab-
sorption from the atmosphere using line data from the
2008 HITRAN [15] database. We analyze the spectrum
over the range 2.215 to 2.415µm. We show the spec-
trum over this wavelength range in Fig.1. Apparent in
the spectrum are two CH4 bands at 2.32 and 2.38µm
and a CO band at 2.35µm. This wavelength range also
covers several C2H6 bands, denoted in Fig.1 by the in-
clined lines. The strongest C2H6 bands are near 2.27
and 2.31µm. A third possible band is at 2.405µm,
however, it has been suggested that C2H6 alone can not
produce the absorption band at 2.405µm. Instead, this
band may be a blended with13CO [11]. In addition
to C2H6, our models also show a slight preference for
C2H4 and HCN. For our analysis and discussion here,
we focus on the wavelength range 2.30 to 2.33µm.

To model the surface components, we use optical con-
stants for pure CH4 ice, diluted and pure CO ice and
a variety of other hydrocarbons and nitriles ices which
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Figure 1: The spectrum of Pluto (black) from 2.230 to
2.345µm shown with Hapke models (red, green and
blue). The blue curve assumes only a mix of pure and
“diluted” CH4 are present on the surface as described in
the text. The green curve includes pure and “diluted”
CH4, pure C2H6and an isothermal layer of gaseous
CH4. The red curve, which best fits the data, shows
the addition of HCN ice improves the fit near 2.37µm.

may be present on Pluto. It is well established that
CH4 on Pluto’s surface is found in the pure state and
diluted in N2. Spectra of diluted N2 show that many
of the CH4 bands shift to shorter wavelengths. To syn-
thesize the optical constants for diluted CH4, we shift
the optical constants in 1̊A increments and find the
χ2 which best fits the observations. Using a combina-
tion of pure, “diluted” CH4, and CO, we fit the blue
model shown in Fig.1 to the observations. We im-
prove the fit further (green curve in Fig.1) when we
include C2H6 ice and an isothermal layer of gaseous
CH4. The addition of gaseous CH4 is best seen in Fig.2
with the gaseous CH4 fitting the absorption feature near
2.317µm. Our trials with other hydrocarbons and ni-
triles suggest HCN and C2H4 may also be present. The
red curve in Fig.1 shows the addition of HCN improves
the fit near 2.37µm.

Discussion & Conclusion: We have computed
many models using a variety of ices and gaseous CH4.
We can conclude from these models that (i) C2H6 ice is
present on the surface of Pluto at the 1-4% level, rela-
tive to CH4 ice. Models also showed favorability to the
addition of C2H4 and HCN even with the presence of
C2H6 ice. Because C2H4 and HCN lack strong spec-
troscopic features, we treat our measurements of these
mass fractions like upper limits. Therefore, we can con-
clude (ii) C2H4 and HCN ices may also be present
at the 1-5% and 0.5-1.0% level, relative to CH4 ice;

Figure 2: Pluto’s spectrum near 2.315µm showing the
contributions of each identified species to the observed
spectrum. The gray region represents the 1σ errors.

both molecules are predicted in photochemical models
of Pluto’s surface [8].

Our best fit models include an atmospheric layer sug-
gest a column abundance of∼ 6 × 1018 molecules
cm−2. We are currently treating this value as prelimi-
nary because this abundance is much lower than mea-
sured at high resolution. We are aware of an error in the
modeling code that would lead it to underestimate the
abundance. We anticipate correcting this error in time
for the meeting. Despite this error, our analysis shows
that when examining high SNR spectra even at low res-
olutions (λ/∆λ ∼ 1000) we should include an atmo-
spheric component. It may also be possible, if other
datasets exist, to examine Pluto’s atmosphere in years
between its noted change from the 1988 occultation to
the 2002 occultation.
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Introduction: Pluto’s atmosphere is responsible for
the transport of mass and latent heat, maintaining a near
constant global frost temperature. Since Pluto’s atmo-
sphere is in vapor pressure equilibrium with the N2 frost
on the surface, the surface pressure is equal to the equi-
librium vapor pressure at that temperature. Similar con-
ditions exist on Triton and Mars, and probably several
Kuiper Belt Objects capable of retaining N2 over the age
of the solar system. Thus understanding how Pluto’s at-
mosphere interacts with its surface is important to our
understanding of this classification of atmospheres. A
common characteristic among equilibrium atmospheres
is the large changes in the atmospheric bulk over a sea-
son. Models by [1] and [2] show that Pluto’s pressure
may vary by more than a factor of 100 over its season.
Occultations of Pluto in 1988 and 2002 show that the
pressure has doubled over this period. Since 2002, oc-
cultations have shown the pressure has remained nearly
constant [i.e. 3]. This behavior is consistent with mod-
els in [1, 2] that predict a decrease in pressure by 7-20%
between now and the arrival of New Horizons at Pluto in
2015. Methane is a trace gas that dominates the chem-
istry and energy balance in Pluto’s atmosphere. How
the trace gases vary with changing surface pressure is
unknown.

Our current understanding of the vertical structure
of Pluto’s atmosphere is of a warm upper atmosphere,
where radiative heating by CH4 keeps the atmosphere
near 100 K for many scale heights, and a cold lower at-
mosphere near 40 K, dominated by conduction and tur-
bulence. It is unclear how deep the cold layer is because
stellar occultations can not probe Pluto’s atmosphere at
such high pressures. Models suggest this layer may be
as thin as 1 km [4], and probably no thicker than 17 km
[5]. The only way to determine the depth of Pluto’s cold
atmospheric layer from Earth is through high resolution
spectroscopy [6].

On Pluto’s analog, Triton, [7] report a factor of 10 dif-
ference in CH4 atmospheric number densities between
ingress and egress of UV occultations. We could expect
similar longitudinal variations at Pluto. On Pluto, we
might expect more gaseous CH4 over areas with more
CH4 frost (either nearly pure or diluted in N2), or higher
levels only over regions with nearly pure CH4 [8]. It is
likely that any longitudinal variation is connected with
a planetary boundary layer, and so longitudinal changes
may be particularly evident in the column abundance of
the cold CH4 in the lower atmosphere.

Observations: We obtained new observations of
Pluto on 2011 August 12, 14-16 using the NIRSPEC
instrument on the Keck telescope. At a resolving power
(λ/∆λ) of 35,000 (2 pixel slit), our observations cover
orders 43 through 50 (1.51-1.79µm). Because these or-
ders do not obtain continuous wavelength coverage, we
select wavelength regions which contain CH4 absorp-
tion lines that are highly sensitive to (i) column abun-
dance and (ii) atmospheric temperature. Besides the
observations of Pluto, we also observed several aster-
oids and HR 7390 (A0V standard) to obtain a reflected
solar spectrum and telluric spectrum.

Our observations target 4 sub-observer longitudes to
(i) establish a baseline for temporal change, (ii) search
for spatial variability in gaseous CH4, and (iii) refine
the vertical distribution of gaseous CH4. Three of the
observed longitudes correspond to regions of minimum
CH4 frost, maximum CH4 frost, and maximum ratio of
near pure to highly diluted CH4 frost. We expect that
these three terrains produce detectable differences in the
gaseous CH4. These observations will provide a tempo-
ral and spatial context in which to place the New Hori-
zons encounter with Pluto in 2015.

Data Reduction: We reduce the data using several
in-house programs written in IDL. Each 2-D spectral
image is first pre-cleaned for instrument effects. To ob-
tain the 1-D spectrum from each image, we used an al-
gorithm that follows the prescription of [9] for the opti-
mal extraction of spectra. Following extraction, each
spectrum is wavelength calibrated using the OH sky
lines [10].

Preliminary Data Analysis: In Figs. 1 and 2 we
show the results of some preliminary analysis. Here
we have fit a gaseous CH4 model spectrum to theQ-
branch and theR(5) line. We choose these lines be-
cause they are the most sensitive lines to the presence
of a cold layer of CH4 gas. We show in the figures
the case of pure cold CH4 gas (blue, 40 K at2 × 1019

molecules cm−2) and pure hot CH4 gas (red, 100 K at
2 × 1019 molecules cm−2; orange, 100 K at4 × 1019

molecules cm−2). We then make models where the total
CH4 abundance is fixed at2×1019 molecules cm−2 but
we vary the ratio of hot-to-cold from 0 to 1 and we cal-
culateχ2 between the observations and the model. We
find thatχ2 is minimized at 43% 100 K and 57% 40 K.
This model is shown as the green curve in both figures.
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Figure 1: An example of the 1665.5 nmQ-branch of
CH4., showing the sensitivity of the model to CH4 mix-
ing ratio and the depth of the tropopause. Preliminary
reduction of the data show that theQ-branch was eas-
ily detected, despite residual noise from the removal
of the telluric spectrum. The average observed spec-
trum from the four nights is shown in black with 3σ
error range shown in gray. We compare these observa-
tions with a model spectrum of CH4. The blue, green
and red curves all have a total column abundance of
2×1019 molecules cm−2, while orange has double. The
blue curve is set to 40 K, the red and orange curves are at
100 K. The green curve is a mixture of 43% at 100 K gas
and 57% at 40 K. This mixture minimizesχ2 between
the observations and models for theQ-branch and the
R(5) line in Fig.2. We estimate the continuum level by
averaging the points before and after theQ-branch and
fitting a line through the points. The dashed line repre-
sents the estimated continuum level.

Figure 2: TheR(5) line of CH4. See Fig.1 for descrip-
tion of the lines.

Future Work: We plan to refine our preliminary
work beginning with improving our telluric model spec-

tra. We will use atmospheric models from ATRAN [11]
to determine the abundance of water vapor (∼2-3 mm)
and CH4 gas (∼1.9-2.2 ppm) in the Earth’s atmosphere
near the time of the Pluto observations. We expect that
this will eliminate the lines which are over- or under-
corrected in the data. This step will also allow us to bet-
ter measure the reflected solar spectrum from our solar
analogs (asteroids).

After the removal of telluric and solar lines from the
Pluto spectra, we will combine the data to make nightly
average spectra and a run average spectrum. We will
model these spectra using a combination of Hapke re-
flectance to account for Pluto’s surface ice and an at-
mospheric component using CH4 lines from HITRAN
[12]. Once we have a better idea of the surface re-
flectance (effectively defining the continuum level for
the atmospheric lines) we will be able to improve our
estimates of hot to cold CH4. We will also determine
the CH4 abundance for each night to see if there are any
significant longitudinal differences. We will present our
findings at the Pluto Science Conference.
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Introduction:  Pluto’s orbit and the Kuiper Belt at 

30 – 50 AU are located within an intermediate region of 
the heliosphere far removed from the two major sources 
of energetic particles inwards near the Sun and out-
wards at the solar wind termination shock and beyond. 
This region has previously been traversed at various 
time in 1983 – 1996 by the Pioneer 10&11 and Voyager 
1&2 spacecraft with full sets of energetic particle in-
strumentation providing particle flux spectra.  New 
measurements into this region are being provided also 
by New Horizons.  

Over millions to billions of years the structural and 
chemical effects of irradiation can observably modify 
icy body surfaces. These effects are layered with re-
spect to the penetration depths and ionizing power of 
different spectral components of the incident radiation. 
Topmost layers to millimeters or more can be heavily 
modified into radiation crusts while deeper layers to 
meters are only moderately processed.  The topmost 
thin layer may also be removed by erosive sputtering 
from low-energy particles. The end states of irradiated 
surfaces depend on these relative effects of low and 
higher energy particles as characterized in intensity by 
spectral flux measurements. Modeling of these layered 
effects depends on definition of time-averaged flux 
spectra from the sparse measurements.  

Spectral Flus Data: The Virtual Energetic Particle 
Observatory (http://vepo.gsfc.nasa.gov) supports public 
access to multi-sensor Pioneer and Voyager flux data in 
spectra form. New Horizons spectral flux data in the 
relevant region is becoming available on approach to 
the Pluto system and the Kuiper Belt. We consider the 
spectra from these multiple sources in the 1983 – 1996 
and present time frame to determine the most repre-
sentative time-averaged spectral forms appropriate for 
modeling of long-term irradiation effects.  

Irradiation Effects: The spectral form of incident 
particles determines the relative weighting of low and 
high energy particle effects. Low and high energy parti-
cles separated in energy by a deep spectral minimum 
can produce different effects from a strongly mixed 
suprathermal population with no spectral minimum. 
These differences might for example account for color 
diversity or uniformity of certain populations of Kuiper 
Belt Objects, e.g. the red colors of dynamically cold 
Classicals.  In any case it is necessary to consider a 
multi-layer view of the radiation effects.  
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Introduction:  Exospheric neutral atoms and mole-

cules (primarily N2 and CH4 according to our current 
understanding of Pluto’s atmosphere) escape from Pluto 
and travel into interplanetary space for millions of kil-
ometers.  Eventually, the neutrals are ionized by pho-
toionization by solar EUV photons and/or by collisions 
with solar wind electrons. The mass loading associated 
with this ion pick-up is thought to produce a comet-like 
interaction of the solar wind with Pluto as discussed by 
Bagenal and McNutt [1]. Note that heavy ion gyroradii 
far upstream of Pluto should be about a half million 
kilometers due to the weak interplanetary magnetic 
field at 30 AU, and this results in a very extensive re-
gion of ion pick-up [2].  Closer to Pluto the solar wind 
interaction should lead to a magnetic field pile-up and 
draping, as it does around other “non-magnetic” bodies 
such as Venus and comets.  And a weak ionosphere 
should be present within a few thousand kilometers of 
the planet with a composition that is determined both 
by the primary ion production and ion-neutral chemis-
try.  For example, primary N2

+ ions will rapidly be con-
verted to C2H5

+ ions via reaction with methane.  Even-
tually, dissociative recombination of electrons and ions 
will balance ion production in the main ionosphere.  

Plasma Structures:  The structure of plasma re-
gions and boundaries will be greatly affected by large 
gyroradii effects and the extensive exosphere.  For ex-
ample, comets are known to have weak and very broad 
bow shocks associated caused by mass-loading of the 
upstream solar wind.   Will this type of shock be found 
at Pluto?  And Venus has a sharply defined ionopause 
boundary separating hot magnetized solar wind plasma 
and cold ionospheric plasma, whereas comets do not 
have a Venus-like ionopause.  Instruments onboard the 
Giotto spacecraft observed a field-free region, or dia-
magnetic cavity, surrounding the nucleus of comet Hal-
ley in the inner coma.  This cavity was explained as 
being due to the outward force on magnetized plasma 
by ion-neutral collisions associated with the outflowing 
neutral gas.   In this talk we will discuss the types of 
plasma structures that New Horizons is likely to find at 
Pluto.  

X-Ray Emission:  X-ray emission from a comet 
was first discovered in 1996 (Lisse et al, 1996) and was 
explained as being due to the charge exchange of heavy 
solar wind ions with cometary neutrals (Cravens, 1997).  
Subsequently, x-ray emission has been observed from a 

large number of comets and from other objects with 
extensive neutral exospheres (e.g., Mars).  Pluto should 
also produce x-rays via this solar wind charge exchange 
mechanism.  We will present some predictions for a 
Pluto x-ray source and assess its observability by the 
Chandra X-ray observatory or by XMM-Newton.  Our 
preliminary estimate is that the x-ray luminosity of 
Pluto is only about 1 MW, which will make Pluto’s x-
ray detection difficult but not impossible. 
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The information we have on the chemical compositions of the 
surfaces of Pluto and Charon has been obtained from Earth-
based near-infrared spectroscopy.  These bodies are seen in 
diffusely scattered sunlight upon which absorption bands 
diagnostic of specific ices are superimposed.  Identified so far 
on Pluto are molecular nitrogen (N2), methane (CH4), carbon 
monoxide (CO), and ethane (C2H6), all in the frozen state.  
Charon has the clear spectral signature of H2O ice in the crys-
talline phase, plus an absorption band near 2.2 μm identified 
as a hydrated form of NH3.  No diagnostic spectra of Pluto’s 
other satellites are currently available.  A fraction of Pluto’s 
CH4 is dissolved in solid N2, which is in the hexagonal beta-
phase.  When a small concentration of CH4  exists in a N2 
crystalline matrix, its absorption bands are shifted in wave-
length by a small but detectable amount.  Indeed the shifting 
of the CH4 bands is diagnostic of a host matrix.  In the case of 
Pluto, the N2 band (2.148 μm) itself is detected, but for other 
transneptunian objects where the N2 band cannot be seen, the 
shifted CH4 bands demonstrate the presence of N2 or (less 
likely) some other spectrally neutral and transparent matrix 
material (e.g., Ar).  The absence of detectable CO2 and H2O 
ices on Pluto, while they are clearly present on the otherwise 
very similar Triton, is noteworthy. 
 
The ices of Pluto distributed non-uniformly across its surface, 
and the distribution shows long-term (decadal) changes.  Both 
seasonal and secular changes may be occurring through 
transport across the surface as a result of changing tempera-
ture, and by seasonal changes in the vapor pressure equilibri-
um of the ice with the tenuous and variable atmosphere.   
 
Models of the photochemistry of the surface ices and the at-
mosphere of Pluto predict the presence of several materials 
not yet detected; the most abundant photoproducts are ex-
pected to be C2H2, C4H2, HCN, C2H6; HCN has been detected 
on Triton. 
 
Both Pluto and Charon have surface components in addition 
to the detected ices.  These materials of presently unknown 
composition serve to reduce the albedos of both bodies below 
that expected for pure ices, and in the case of Pluto impart a 
yellow-brown coloration; the color of Charon is more nearly 
neutral.  It is generally thought that the non-ice components 
are more refractory than the ices and that they may be com-
plex carbonaceous materials derived from the ultraviolet and 
charged particle processing of the surface ices.  Minerals are 
also plausible candidates for the non-ice fraction.  The refrac-
tory colored components may constitute bedrock upon which 
variable amounts of the ices are alternately deposited and 
evaporated as the seasons change.  Water ice is expected to be 
a component of the bedrock, although it has not yet been reli-
ably identified. 
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Introduction:  Pluto's low gravity implies that the 

atmosphere is only weakly bound and significant hy-
drodynamic outflow can exist. Though surface spec-
troscopy of Pluto has revealed methane frost, the domi-
nant escaping neutral gas is thought to be N2. These 
escaping neutrals are photoionized and the heavy ions 
(N2

+) move away from Pluto in the direction perpendic-
ular to the solar wind flow (i.e. nearly unmagnetized 
relative to the length scales of the plasma interaction 
region). The turning distance of the solar wind protons 
at the magnetic pileup boundary is large compared to 
the interaction region. As a result, large ion gyroradius 
effects determine Pluto's highly asymmetric interaction 
with the solar wind. We use a three-dimensional hybrid 
code (fluid electrons, kinetic ions) to investigate the 
geometry of the interaction region for a variety of pos-
sible atmospheric escape rates in anticipation of the 
New Horizons encounter with Pluto. From our previous 
studies [Delamere, 2009], we found considerable struc-
turing in the wake region due to bi-ion waves and Kel-
vin-Helmholtz waves. The shock structures vary from a 
simple Mach cone for low escape rates (~2×1026 s-1) to 
a full detached bow shock for large escape rates 
(~2×1028 s-1).  

Pluto’s asymmetric solar wind interaction:  A 
significant challenge in interpreting particle data from 
the New Horizons Solar Wind Around Pluto (SWAP) 
[McComas et al., 2008] and Pluto Energetic Particle 
Spectrometer Science Investigation (PEPSSI) [McNutt 
et al., 2008] instruments is the inherent asymmetry of 
the solar wind interaction with Pluto.  The asymmetry is 
caused by large ion gyroradius effects in a very weak 
magnetic field (0.2 nT).  Figure 1 is taken from 
Delamere [2009] and illustrates the solar wind proton 
motion through the shocked flow.  The pickup ion mo-
tion (N2

+) is on a scale much larger than the region 
shown (gyroradius ~ 650,000 km).   As a result, sym-
metry is broken in the plane containing the solar wind 
flow and the convection electric. Figure 2 shows isosur-
faces of proton density (blue), proton temperature (red) 
and magnetic field (green) to illustrate the degree of 
asymmetry in the direction perpedicular to the solar 
wind flow and interplanetary metnic field (IMF) direc-
tion.  That is, if the IMF were reversed, then the proton 
density (blue) and temperature (red) isosurfaces would 
mirror.   We will present our most recent simulations 
using current models for atmospheric escape (e.g. 
Strobel, personal communication, 2012). 

Data/model comparison:  Without knowledge of 
the IMF direction, interpretation of the SWAP and 
PEPSSI data will be dependent on a careful comparison 
of particle data with output from our simulations for 
different atmospheric escape profiles and IMF condi-
tions.  The hybrid simulations provide the full ion ve-
locity distribution functions (Figure 3) and synthetic 
energy spectrograms (Figure 4) can be generated and 
compared directly with the spacecraft data.  We will 
show model/data comparisions of simulations of pickup 
ions in the solar wind. These results are a part of an on-
going study of the SWAP solar wind data and will serve 
as an excellent callibration of our model/data compari-
son tools (see Elliot et al., presentation). 

 
Figure 1:  Hybrid simulation of the solar wind in-

teraction with Pluto’s escaping atmosphere.  The color 
scale indicates ion density, and sample solar wind pro-
ton trajectories are indicated.  
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Figure 2:  Sample output from hybrid simulations 

showing the asymmetry of the plasma environment near 
Pluto.  The isosurfaces show proton density (blue), pro-
ton temperature (red), the magnetic field component in 
the solar wind flow direction (green), and sample flow 
lines that are color coded according to flow speed. 

 
Figure 3:  The ion velocity distributions from a hy-

brid simulation in the shock region.  The partial ring 
beam (purple) corresponds to solar wind protons that 
are partially thermalized behind the shock.  The cold 
pickup ions (green) are essentially at rest near Pluto 
since pickup gyromotion occurs on a spatial scale that 
is much larger then characteristic scales of the interac-
tion region seen in Figure 1. 

 

 
Figure 4:  Sample energy spectrogram generated 

from the ion velocity distribution in the hybrid simula-
tion.  
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Introduction: Water ice is abundant in the Kuiper 

Belt [1],[2]. A few bodies with sufficiently high quality 
data have spectral signatures showing the 1.65-micron 
feature characteristic of crystalline H2O ice, such as 
seen on Charon [3], [4], Haumea [5], and Orcus [6]. 
Charon and Orcus also have a feature at 2.21 microns 
attributed to ammonia hydrates e.g. [7]. Here we pre-
sent unpublished data for Charon. 

Observations: Near-infrared spectral measurements 
from 1.4-2.5 microns were taken for Charon using the 
SINFONI instrument (Spectrograph for INtegral Field 
Observations in the Near Infrared), installed at the 8.2- 
m  ESO Very Large Telescope, Unit 4 at Paranal Ob-
servatory. Data were taken on May 13, June 9, and Au-
gust 9, 2005 (see Table 1). Total exposure times for 
each night were 25 minutes. Observational circum-
stances are given in Table 1. Pluto data that were taken 
on the same dates have been published in [8]. 

Results:  The spectra of Charon on each of the three 
observation dates are plotted in Fig. 1. Charon shows 
H2O ice features at 1.5 and 2.0 microns and a clear 
crystalline H2O ice feature at 1.65 microns. The May 
and August spectra have a slightly lower continuum 
beyond 2 microns than for June. We find variation in 
the shape and depth of the feature located at 2.21 mi-
crons (Fig 2). [9] attribute this feature to ammonia hy-
drates which are not expected to be stable on the sur-
face over the age of the body, and argue that cryovol-
canism is the most plausible mechanism of refreshing 
this material on Charon's surface. We will present this 
spectral data of Charon and in context with previous 
work [3-4],[9-11]. 

References: [1] Barkume, K. M. et al. (2008) AJ, 
135, 55-67. [2] Guilbert, A. et al., (2009) Icarus, 201, 
272-283. [3] Buie, M. W. & Grundy, W. M. (2000) 
Icarus, 148, 324-339. [4] Brown, M. E., & Calvin, W. 
M. (2000) Science, 5450, 107-109. [5] Trujillo, C. A., 
et al. (2007) ApJ 655, 1172-1178. [6] de Bergh, C. et al. 
(2005) A&A, 437, 1115-1120. [7] Barucci, M. A. et al. 
(2008) A&A, 479, L13-L16. [8] DeMeo, F. E., Dumas, 
C. et al., (2010) Icarus, 208, 412-424. [9] Cook, J. C. et 
al. (2007) ApJ, 663, 1406-1419.  [10] Dumas, C. et al., 
(2001) AJ, 121, 1163-1170. [11] Merlin, F. et al., 
(2010) Icarus, 210, 930-943. 

 
 
 

 
Table 1: Observational Circumstances 
 

Date Sub-Earth Sub-Earth Pluto-Charon 
  Longitude* Lattitude* Separation 

2005 May 13 201 -36 0.59 
2005 Jun 09 273 -35 0.9 
2005 Aug 09 158 -34 0.58 

*Sub-Earth Longitudes and Latitudes are from JPL 
Horizons 

 

 
Figure 1: Near-infrared spectra of Charon on three 

different dates at three positions on the surface. 
 
 

 
Figure 2: Detail of Charon’s spectrum near 2.2 mi-

crons. 
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The unique Pluto-Charon system has been mod-
eled as arising from the impact of two large Kuiper
Belt Objects (KBOs) [1]. Two scenarios are con-
sidered. In the first, an impactor with relatively
low mass (30% of the Pluto-Charon total mass) col-
lides with the larger body; after losing substantial
mass, the impactor separates from the larger body
and enters into orbit around it. In the second, the
impactor and the target have essentially identical
mass (50% of the Pluto-Charon total mass). The
collision sends material into orbit around the pair
as their cores merge to form Pluto. Charon forms
from some of the material in the disk, the rest of
which is reaccreted by Pluto, except for some es-
cape. The intact impactor scenario was considered
by [1] to be somewhat more probable with regard to
the resultant angular momentum, but both scenar-
ios were considered viable. Here I discuss how pre-
dictions of the internal structure before the impact
can be used to distinguish between these scenarios
and constrain the origin of Pluto and Charon.

According to [1], the collision of the two ob-
jects had to happen with low relative velocity (≤
0.9 km s−1). For this to occur with high probabil-
ity, [1] considered it likely that the collision took
place after the two bodies were caught in the 3:2
resonance with Neptune. This requires the colli-
sion to take place after Neptune started its outward
migration, which [2] have associated with the Late
Heavy Bombardment 3.9 Gyr ago. Accordingly, we
consider it likely the collision took place ≈ 1 Gyr af-
ter solar system formation. This is sufficiently long
that heating by long-lived radionuclides should have
caused the separation of a rocky core from an ice
mantle, even for an impactor as small as 30% of the
Pluto-Charon mass [3]. An object with this mass
and a mean density 2 g cm−3 would have radius 800
km, a mass almost triple that of Charon, and would
have been large enough to differentiate.

The fact that the impactor would have differ-
entiated casts doubt immediately on the formation
of Charon by the intact impactor scenario. In this
scenario the impactor must lose ≈ 70% of its mass
before emerging as the intact Charon. Because its
outer icy layers would have been preferentially lost,
Charon would have a density greater than that of
the impactor. This is difficult to reconcile with the
low density of Charon, ≈ 1.65 g cm−3, lower than

that of Pluto, ≈ 2.03 g cm−3, which is itself compa-
rable to other KBOs. We consider the formation of
Charon from a disk to be more likely.

In the disk scenario, Charon forms from some
fraction of the disk material that is ejected from
the outer layers of the two impactors. Allowing
both objects to have masses of 53% of the Pluto-
Charon total mass, and mean densities 2 g cm−3,
they would each have radii 975 km. This is again
more than large enough for both bodies to differen-
tiate and form rocky cores [3]. Now the question is
why Charon has as high a density as it does, since
it should form preferentially from the outer icy lay-
ers of the bodies. This conundrum, pointed out
by [1], is resolved by the recognition that for the
surface temperatures characteristic of the Kuiper
Belt, the viscosity of the ice is too high to allow for
complete differentiation; an undifferentiated crust
is predicted to remain [3,4]. This is despite the
gravitationally unstable nature of the resultant struc-
ture, with a rock/ice layer atop an ice mantle; the
structure is stable against Rayleigh-Taylor instabil-
ities on geologic timescales [4]. Because of this un-
differentiated crust, the resultant disk will contain
some rocky material as well as ice.

To estimate the fraction of rock in the disk, we
have run the thermal evolution code of [3] for a
KBO with radius 975 km and mean density 2 g cm−3.
We have allowed for differentiation to occur wher-
ever the temperature exceeded Tdiff = 145 K. This
is a conservative estimate of the temperature re-
quired to allow for Rayleigh-Taylor instabilities [4].
Including only heating from long-lived radionuclides,
we find that differentiation should proceed out to a
radius of 935 km, leaving a crust 40 km thick that
does not differentiate. The structure of the body
includes: a rocky core of radius 717 km and mass
5.088 × 1024 g at the center (assuming olivine rock
with density 3.3 g cm−3); an ice mantle extending
from 717 km to 935 km, with mass 1.759 × 1024 g
(with density 0.935 g cm−3); and an undifferenti-
ated ice/rock layer with mass 0.917 × 1024 g, of
which 0.681 × 1024 g is rock and 0.245 × 1024 g is
ice. This is the structure of the two bodies when
they collide.

Following the collision, we assume that Pluto
forms from the merger of the two rocky cores, plus
whatever ice is needed to accrete to yield Pluto’s



mass and density. Exactly one half of Pluto’s mass
is found within a radius of 903 km within each im-
pactor. Forming Pluto from this material in each
impactor ensures it has the required mass and a
rock fraction ≈ 0.78, yielding a mean density only
slightly higher than the mean densities of the im-
pactors. As for Charon, it must form from what-
ever material does not escape and does not form
Pluto. Because the undifferentiated crusts on both
impactors add up to more than the mass of Charon,
the rock fraction in Charon could be as high as that
in the impactors themselves, ≈ 0.74. We note that
the exterior material is most likely to escape, so
that Charon probably formed from some mixture
of undifferentiated crust plus ice. There is insuffi-
cient ice in the layers between 903 km and 935 km
for Charon to be composed entirely of these shells
from the two impactors. The total mass of ice from
both bodies is only 0.636 × 1024 g, meaning that
some of the rock-ice crust must be mixed in as well.
We therefore calculate a minimum rock fraction of
0.55. Thus, depending on the composition of escap-
ing material, it seems likely that Charon must have
a rock fraction between 0.55 and 0.74, which nicely
brackets the observationally inferred rock fraction

on Charon, 0.61.
Both the impactor and target objects that formed

Pluto and Charon must have been large enough to
differentiate before the impact. Because the mean
density of Charon would be greater than the start-
ing bodies in the intact moon scenario, yet Charon
is less dense than Pluto and most KBOs, we con-
sider this scenario unlikely. The alternative sce-
nario, formation of Charon from a disk, was con-
sidered less likely because Charon was predicted to
form mostly from ice [1]. This conclusion is based
on the impactor and target being fully differenti-
ated. Thermal evolution models [3,4] indicate that
such bodies will retain undifferentiated crusts of
thickness ≈ 40 km. In the disk scenario, Charon
would form from a mix of ice and this undifferen-
tiated crust material, explaining why its density is
somewhat lower than Pluto’s but not close to that
of ice alone.
References: [1] Canup, R. 2005, Science 307, 546.
[2] Gomes, R., Levison, H. F., Tsiganis, K. & Mor-
bidelli, A. 2005, Nature 435, 466. [3] Desch, S. J.,
Cook, J. C., Doggett, T. C. & Porter, S. B. 2009,
Icarus 202, 694. [4] Rubin, M. E., Desch, S. J. &
Neveu, M. 2013, LPSC 44, 2559.
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Introduction: With the soon arrival of NASA's 
probe New Horizons the demand for physical and 
dynamic information about the Pluto system 
became even greater. As far as ground-based 
observations are concerned, stellar occultations 
constitute the only technique capable of providing 
the temperature and density profiles of Pluto’s 
tenuous nitrogen atmosphere. 
 
Observation and partial results: On July 18, 
2012, a multi-chord occultation by Pluto was 
observed from three stations in Chile: European 
Southern Observatory ESO/Paranal*, San Pedro 
de Atacama and Santa Martina (near Santiago). It 
was also recorded at Cerro Burek (Argentina) and 
Huancayo (Peru).  Due to the brightness of the 
star in the IR (H magnitude=11.1), the event was 
recorded with high signal-to-noise ratio at the ESO 
8.2-m Very Large Telescope equipped with the 
NACO instrument [1][2], at a rate of 5 frames per 
second, without adaptative optics. This event 
provides one of the best data set ever obtained 
during a Pluto stellar occultation. It allows to build 
an accurate profile of Pluto's atmosphere and 
reveal local fluctuations possibly caused by gravity 
waves (Fig. 1). These features are comparable, 
both in size and location, to those observed during 
a previous occultation recorded in June 2006 [3]. 
 
Using images taken 20 minutes before the 
occultations, we can measure the separate fluxes 
of the star and the Pluto-Charon system. This 
provides measurement of the residual stellar flux 
Φresid during the occultation. A preliminary analysis 
shows that Φresid lies in the range 0.008-0.018, 

relative to the full unocculted stellar flux (Fig 1). 
This flux is related to the temperature gradient in 
the lower part of the atmosphere that connects 
Pluto’s surface (at 35-40 K) to the isothermal 
upper part (at about 105 K). Our value of Φresid 
indicates a temperature gradient in the range 8-15 
K km-1 for that atmospheric region. 
 
Improved values of Φresid will be given and 
constraints to Pluto’s radius will be presented, as 
well as temperature profiles derived from 
inversions of the ingress and egress light curves. 
 

 
Figure: 1 – The occultation light curve obtained with VLT 
(5 frames per second) during the 18 July 2012 stellar 
occultation. 
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MIOSOTYS (Multi-object Instrument for Oc-
cultations in the SOlar system and TransitorY 
Systems) is a multi-fiber positioner coupled 
with a fast photometry camera. This is a visi-
tor instrument mounted on the 193 cm teles-
cope at the Observatoire de Haute-Provence, 
France. Our immediate goal is to characterize 
the spatial distribution and extension of the 
Kuiper Belt, and the physical size distribution 
of TNOs. 

We  present the observation campaigns during 
2010-2012, objectives and observing strategy. 
We report the detection of potential candidates 
for occultation events of TNOs. We will di-
scuss more specifically the method used to 
process the data and the modelling of diffrac-
tion patterns. 
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Introduction: The Solar Wind Around Pluto (SWAP) 
instrument on the New Horizons (NH) spacecraft has 
collected and received solar wind measurements from 5 
to 23 AU, and another 230 days of hibernation data are 
scheduled to be downlinked this April. In this presenta-
tion we show many examples of SWAP solar wind ob-
servations from the cruise phase of the mission in order 
to illustrate the types of data planned in the Pluto se-
quence. Although the SWAP instrument is simple in 
design, this simplicity adds complexity to the analysis 
of the measurements. We describe key aspects of the 
instrument calibration necessary to obtain accurate solar 
wind parameters. Most of the solar wind observations 
are collected while spinning (12 sec period). The 
SWAP instrument performs a 64 step coarse scan over 
the full energy range followed by another 64 step fine 
scan centered on the step with the peak rate during the 
coarse scan. The pair of scans takes 64 seconds, and 
each step has a 390 msec accumulation time. At every 
step ions from the full field-of-view (10 by 276°) are 
focused onto a pair of coincidence Channel Electron 
Multipliers (CEMs). The instrument sensitivity varies 
across the FOV, and the energy and range of energies 
observed depends on the entrance angle of the ions. We 
developed a simple analytic expression for the count 
rates, which neglects such angle dependences, but runs 
quickly. Recently, we developed a more comprehensive 
method that models the spin variation due to the angle 
dependences in the instrument response. In the process 
of developing this new method, we have assembled an 
instrument model applicable to any analytic or simu-
lated particle distribution. For the new method, we 
show 3 examples at 11.22, 18.31 and 23.21 AU. Addi-
tionally, we examine recent measurements at 23.8 AU 
where a clear rarefaction with a decreasing speed pro-
file is followed by an increase in the speed forming a 
wave or shock. We will examine the solar wind and 
pickup ions to determine if the solar wind temperature 
speed relationship for this compression is different than 
what is observed in the inner heliosphere. To indicate 
the utility of the instrument model, we also apply the 
instrument model to a hybrid simulation, which in-
cludes both solar wind and interstellar pickup ions.  
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Introduction:  The largest KBOs (some of which 

are now characterized as dwarf planets) comprise a 
distinct class of Solar System body.  By virture of their 
size and low surface temperatures, these bodies have 
the potential to retain otherwise volatile materials and, 
particularly in the case of the dwarf planets, even sup-
port atmospheres [1].  Furthermore, accretional heating 
combined with heating from radioactive decay likely 
led to interior melting, which in turn could have 
intitiated episodes of cryo-volcanism [2].  Surface com-
positions of these bodies therfore provides an important 
marker of past geology and present atmospheric (or 
exospheric) properties. 

Because the largest KBOs also tend to be the 
brightest, most have been observed extensively in the 
visible and near-infrared (VNIR; 0.4 – 2.5 µm).  These 
observations have revealed major surface compositions, 
the state (pure or diluted) and distribution of CH4, the 
phase (amorphous or crystalline) of H2O, the presence 
of minor surface consitutents, and the presence of low-
albedo, in some cases spectrally very red, material that 
is likely comprosed of complex organic molecules.  
Relevant ices and organics exhibit strong fundamental 
vibrational bands in the 2.5 to 5 µm region.  Extending 
reflectance spectrophotometry to this wavelength range 
therefore provides additional leverage for uraveling the 
composition and state of the surfaces of large KBOs. 

Observations:  We have measured broad-band 
reflectances of KBOs at 3.6 and 4.5 µm (and in a few 
cases 5.8 and 8.0 µm) with the InfraRed Array Camera 
(IRAC) on the Spitzer space telescope.  IRAC contains 
four detectors and two fields of view (FOV).  A 
beamsplitter in each FOV separates light by wave-
length, such that the 3.6 and 5.8 µm channels are paired 
for simultaneous observations, as are the 4.5 and 8.0 
µm channels.  In all observations presented here, the 
3.6/5.8 µm FOV was observed, after which the object 
was observed throught he 4.5/8.0 µm FOV. Each object 
was observed twice.  The second observation for each 
object was timed so that the object moved ~1 to 2 
arcmin across the 5.1 arcmin FOV and, if the rotation 
period was known at the time of observation, was 
phased to observe the opposite hemisphere from the 
first observation.  The second observation enables accu-
rate subtraction of background objects and diffuse flux, 
identification of the object by its motion, and a search 
for surface heterogeneity.  Data are calibrated by the 

Spitzer Science Center, and we performed aperature 
photometry to determine fluxes. 

Results:  The Spitzer IRAC data for each object 
provide new insight into surface compositions and 
structures.  For instance, the data of Sedna are con-
sistent with inferences of organics from the red VNIR 
spectral slope and of CH4 from a weak absorption near 
2.3 µm [3,4].  Furthermore, the full VNIR+IRAC spec-
tral reflectance is fit by models that include H2O, a 
molecule not previously detected on Sedna [5].  Simi-
larly, analysis of VNIR+IRAC reflectances of Quaoar 
indicates that the surface may contain a substantial frac-
tion of amorphous H2O or very small grains [6].  
VNIR+IRAC data of the dwarf planet Haumea are con-
sistent with a surface that is almost pure H2O. 

We will present IRAC reflectances of the following 
Kuiper Belt objects: Eris, Makemake, Haumea, Sedna, 
2007 OR10, Quaoar, and Orcus.  For each object, we 
will also present analyses of the spectral reflectance 
across the VNIR+IRAC spectral range. 

 
Figure 1. VNIR spectrum and IRAC geometric albedos for 
the dwarf planet Haumea.  The green and red symbols repre-
sent the two observations of Haumea, and the horizontal lines 
illustrate the IRAC bandwidths. 
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Introduction:  The images taken by NASA’s New 
Horizons spacecraft will be the first high-resolution 
images ever taken of in-situ Kuiper Belt Objects, allow-
ing for the first geomorphological analyses of these 
bodies. Mean impact velocity at Pluto is ~1.9 km/s [1], 
slower than at any other environment thus far observed 
by spacecraft. At such low speeds, early coupling be-
tween the projectile and the target plays a critical role in 
the cratering process, whereas at higher velocities this 
coupling become less important [2, 3]. This early cou-
pling has effects on crater formation, the fate of the 
projectile, and crater shape.  

The impact velocities experienced at Pluto are easi-
ly attained at laboratory facilities. Therefore, not only 
can experimental studies be used to assess the nature of 
craters on the surfaces of Pluto, Charon, and the smaller 
satellites, but also New Horizons observations can be 
used to evaluate extrapolations from experimental to 
planetary scales. Here, we discuss insights from low-
velocity experimental studies and explore the possible 
consequences for crater and surface morphologies in 
the Pluto-Charon system. 

Crater Growth: At low velocities, the projectile in-
teracts with the target primarily through friction and 
stress waves. If the impact speed is lower than the 
sound speed of the material, shock processes are not 
involved. If the impact speed is close to the sound 
speed in the materials, shocks do form but are commen-
surate in effect with friction and stress waves. Only 
when velocities are well above the sound speed and into 
the hypervelocity regime do shock processes control 
crater growth.  

At the lower velocities, frictional deceleration of 
projectiles makes for long interaction times between the 
projectiles and the targets, as projectiles take longer to 
fail. As a consequence, the energy and momentum of 
the projectiles couple over significant distances with the 
targets, projectiles penetrate further into the targets, and 
the transient crater depths become larger relative to 
their diameters (see Figures 1,2). 

These results indicate that impacts in the Pluto-
Charon system should form deep transient craters rela-
tive to their diameters when compared to hypervelocity 
impacts. Dependent on the strength of target material, 
however, the steeper walls of the crater may lead to 
greater collapse during the modification stage, which 
could result in shallower final craters. Slight warming 
by the impact of the volatile rich surface is likely to 
enhance this collapse. 

 
Figure 1. Crater growth through time (frame number) 
for a 6.35-mm projectile launched into 350 µs glass 
beads at 1.32km/s at NASA Ames. 
 

 
Figure 2. Preliminary results showing changes in the 
transient and final diameter-to-depth ratio of craters 
versus impact velocity. 
 

Fate of the Projectile: For low velocities, melt and 
vaporization of the projectile and target will be mini-
mal. Whereas during high-speed impacts the impactor 
is typically completely destroyed, at low speeds, signif-
icant projectile material is likely to survive relatively in 
tact. In experiments performed at the NASA Ames Ver-
tical Gun Range designed to investigate light the flash 
generated at the moment of impact [4-6], a transition in 
behavior between low- (1-2 km/s) and high-speed (4-5 
km/s) impacts is observed (Figures 3,4) for impacts of 
Pyrex projectiles into pumice powder targets. The 
changes exhibited in the early-time behavior of the im-
pact flash are indicative of changes in the interaction 
and coupling between the projectile and target. As im-
pact velocity decreases, the projectile is less damaged, 
the projectile and target interact for a longer length of 
time [2], and friction becomes more important [3, 7].  



 
Figure 3. Impact flash intensity through the first 10 µs 
of time for impacts of 6.35-mm-diameter Pyrex projec-
tiles into pumice powder targets at 90º. By 1.68 km/s, 
the flash no longer exhibits the delayed intensity peak 
in the visible wavelength range that is so characteristic 
of the faster impacts [6]. 
 

 
Figure 4. Peak intensity of the delayed thermal signal 
versus velocity for 90º and 30º impacts. The relation-
ship changes between 3-4 km/s. 
 

In the case of the lowest velocities tested (~1.7 
km/s), which are comparable to the mean impact ve-
locity at Pluto) the Pyrex projectiles did not fail com-
pletely at any impact angle, resulting in a different flash 
evolution. At these lower velocities, projectiles ablate 
and are not dispersed into the target (i.e., little or no 
fragmentation). In fact, nearly intact projectiles were 
pulled from just beneath the crater floor (in the 90º, or 
vertical, case) or were found on the surface in or around 
the crater (for more oblique angles). At such low impact 
velocities, even icy projectiles will not be completely 
vaporized on impact. 

These results indicate that for impacts in the Pluto-
Charon system, large pieces of projectile material may 
be found inside or near craters. 

Possibilities for the Pluto-Charon System: Due to 
the low impact velocities, craters may look different 
than expected based on our experience looking at other 
planetary surfaces. Factors not discussed here (e.g., 
relaxation of craters in icy targets, modification of 
Pluto’s craters by atmospheric fallout) will further af-
fect the appearance of the craters. Based on the experi-
mental results described above, however, here are some 
things to look for once New Horizons images are re-
turned. Craters are likely to have formed with deeper 
transient craters relative to their diameters. Whether the 
final craters end up shallower or deeper than ‘normal’ 
will depend on the strength of the target material and 
the extent of crater cavity collapse. 

Exogenic material from non-destroyed impactors 
may be seen on the surface for cases where the projec-
tile pieces were not buried by the subsequent crater 
modification; perhaps large pieces of projectiles will be 
seen. Whether these materials will be identifiable as 
exogenic is unknown. Because large portions of projec-
tiles may remain in tact, multiple impacts may be 
formed by the primary impactor for sufficiently oblique 
impacts. 

Ejecta extent and distribution are also likely to dif-
fer from those of typical craters observed in the inner 
solar system. Little or no melting will occur during the-
se impacts, so ponds of melt are not likely to be found. 

Due to the high eccentricity of the Pluto-Charon 
system’s orbit, mean impact speeds will vary from as 
low as ~0.5 km/s to as high as ~2.5 km/s [8], likely 
spanning impact velocities under, at, and over the sound 
speed in the target material; therefore, it’s possible we 
may observe craters of differing characteristics on the 
same surfaces. For the small satellites Hydra, Nix, P4, 
and P5, it is highly likely that craters will be produced 
on slopes, which further complicate their appearances. 

Regardless of expectations and predictions, craters 
on Pluto, Charon, and the smaller satellites will be the 
first of their kind observed on planetary surfaces, and 
are guaranteed to reveal new insights as well as surpris-
es. 
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Introduction: The Plutonian atmosphere is poorly 

understood due to its distance from Earth. However, as 
the New Horizons spacecraft will arrive in 2015, a pre-
diction of atmospheric behavior is desired. We will 
present early results using Direct Simulation Monte 
Carlo (DSMC) modeling in one dimension with spheri-
cal symmetry. 

Background: Current knowledge of the Plutonian 
atmosphere suggests that it is a sublimation-supported, 
primarily N2 atmosphere with a small component of 
CH4. The atmosphere exists in vapor pressure equilibri-
um with ices on the surface, and its density should vary 
with Pluto's proximity to the Sun. The atmosphere is 
believed to escape, although the rate at which this oc-
curs is a subject of debate. Because the barycenter of 
Pluto and Charon is outside of both bodies, the atmos-
phere is suspected to behave in an unusual manner.  

Simulation: While Johnson [1][2] utilized a hybrid 
fluid-DSMC approach, our method currently consists of 
DSMC exclusively. The DSMC method simulates a 
dilute gas by moving and colliding a set of representa-
tive molecules, each of which corresponds to a large 
number of physical molecules. The molecules are then 
sampled, and flow properties are determined.  

Density Gradients: Although DSMC is primarily 
useful for simulating dilute gases, it can simulate a va-
riety of different densities. However, flows with signif-
icant density variation present an issue. In standard 
DSMC, the ratio of real and simulated molecules is 
constant throughout the domain; a density difference 
must be accompanied by a proportional difference in 
the number of simulated molecules. For Pluto, the den-
sity gradient over the domain poses a challenge. 

Molecule Weighting: One solution involves cell 
weighting, with molecules in lower cells representing 
many physical molecules, and those further away repre-
senting fewer. As molecules cross the cell boundaries, 
the difference in weight results in molecule destruction 
or duplication. Particles moving downward are de-
stroyed, resulting in few particles reaching the surface 
from high altitude, and particles moving upward are 
duplicated, amplifying noise. For these reasons, cell 
weighting has been avoided.  

Domain Restriction: When the domain of the sim-
ulation is restricted to a region beginning somewhat 
below the exobase and ending at the closest approach of 
New Horizons, the density difference is reduced to only 

a few orders of magnitude. This is tractable using un-
weighted molecules. 

Initial Conditions: For the sake of simplicity, an 
isothermal atmosphere is initialized, with gravitational 
acceleration varying with altitude. Since the initial at-
mosphere is too dense at high altitudes, the atmosphere 
collapses onto itself and rebounds off the lower simula-
tion boundary, forming a shockwave. After some oscil-
lation, the atmosphere settles into an approximate equi-
librium.  

Considerations in cell sizing: While the molecules 
can translate between cells during the move phase, they 
can only collide with other molecules within the same 
cell. There are two primary limiting factors on cell size: 
the scale height of the gas, and the mean free path. 
While scale height varies only with temperature, mean 
free path increases to infinity as density drops. Mean 
free path initially dominates cell sizing considerations, 
with scale height dominating at higher altitudes. 

 
Comparison in the low-altitude continuum regime of Erwin et. al. 

with present DSMC results. Difference is likely due to a centrifugal 
effect in the rotating Pluto frame. 

Results: Initial results include verification of the 
fluid regime results from Johnson et al. We will present 
full one-dimensional density, velocity, and temperature 
results in the poster.  

References: [1] J. Erwin, O. J. Tucker, and R. E. 
Johnson (2012), arXiv, 1211.3994. [2] O. J. Tucker, J. 
T. Erwin, J. I. Deighan, A. N. Volkov, R. E. Johnson 
(2012),  Icarus,  217, 408-415. 
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3D MODELLING OF THE METHANE CYCLE ON PLUTO. 
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Introduction:  We have developed two comple-

mentary models to predict and understand the New 
Horizons observations of the Pluto atmosphere and 
surface ice distribution.  The main model is a complete 
3D General Circulation Model (GCM) adapted to Pluto 
[1] which includes the methane cycle. The second mod-
el is derived from the GCM, but is designed to simulate 
the evolution of the distribution of nitrogen and me-
thane surface ice for thousands of years. 

 
 

Figure 1: The different components included in the 
methane cycle model. 

Global Climate Modelling of the methane cycle 
on Pluto: On the basis of our experience gained at 
LMD by modeling the other planetary atmosphere in 
the solar system, and in particular Mars [2] and Triton, 
we have developed a new general circulation model 
(GCM) for Pluto [1].  In addition to a 3D dynamical 
core which solves the primitive equation of meteorolo-
gy, the model takes into account the N2 condensation 
and sublimation, the vertical turbulent mixing, the 
radiative transfer through methane and carbon monox-
ide (using the correlated k method), molecular thermal 
conduction, and a detailed surface thermal model. 

Within this context, we have incorporated in the 
GCM a detailed model of the methane cycle, including 
its sublimation and condensation on the surface and in 
the atmosphere, mixing by turbulence in the planetary 
boundary layer, transport by the atmospheric circula-
tion. Surface methane ice can be mixed with nitrogen 
frost, but in our baseline simulations we assume that the 
vapor pressure of solid methane is not affected by the 
possible diluation in methane ice. This assumption will 
be discussed. This model enable us to consistently pre-
dict the 3D methane abundance in the atmosphere 

which is used as an input for our radiative transfer cal-
culations.    

The key assumption in Pluto GCM simulations is 
the initial distribution of surface ices. In our baseline 
simulation, we have taken the “Modified Grundy and 
Fink” surface map from [3] which assumes three kind 
of surfaces (N2 ice, CH4 ice, Tholins) and which is 
derived from observations taken in the 80s and 90s. 
With such a nitrogen and methane frost distribution, 
and without any adhoc tuning The methane mixing ratio 
predicted by the model significantly varies in space and 
time, and reach a few tenth of percent in the summer 
hemisphere in 2008-2010, consistently with the value 
reported by [4-5]. Sensitivity studies reveal that such 
values are only possible if a subliming source of me-
thane ice is assumed to be present at high latitude in the 
summer hemisphere. In fact, our simulations predict 
that the methane gas column is maximum at high sum-
mer latitude, with values reaching twice the equatorial 
column. The polar methane volume mixing may in-
crease up to about one percent in 2015, but only if me-
thane frost remains available on the polar surface. As-
suming no supersaturation, methane ice is predicted to 
condensate in the first hundreds of meters above the 
summer surface, but the clouds optical depths remain 
very low.  

Could Titan-like hazes be present in the atmos-
phere of Pluto in 2015 ? To address this question, we 
are including a simple parametrization of the formation 
of organic aerosols resulting from the interaction of 
methane with the solar UV radiation, and we compute 
their sedimentation and transport by the general circula-
tion.  

 
Figure 2: A prediction of the column-averaged me-

thane volume mixing ratio in 2015, assuming that me-
thane ice is still available on the surface at high sum-
mer latitude 



 
Long term evolution of N2 and CH4 surface ices. 

A model of the surface of Pluto (in which the atmos-
pheric transport of volatiles is simply parametrized 
rather than fully calculated) has been derived from the 
GCM. We can run it for thousands of years and explore 
the repartition of ices with seasons and the variation of 
pressure and atmospheric methane abundance. As ex-
pected, the evolution of nitrogen is similar than in [6]. 
For methane, a similar seasonal cycle is predicted, but 
interestingly the model predict the formation of perma-
nent CH4 ice deposits at low latitudes, consistently with 
maps retrieved from the observations . We also investi-
gate the process which could create methane ice depos-
its near the summer pole as suggested by the abundance 
of methane gas in the atmosphere.   

Surface N2 ice (kg m-2) 

 
Time (Earth Years 

 
Surface CH4 ice (kg m-2) 

 
Time (Earth Years 

Figure 3. An example of simulations using the long 
term surface frost model derived from the GCM. Re-
sults obtained assuming a initial inventory of 50 kg m-2 
for both ices, albedo of 0.65 and 0.45 for N2 and CH4 
respectively, emissivity of 0.9, and surface thermal 
inertia of 400 SI. 
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A Comparison of Models of Tides in Pluto’s Atmosphere and Stellar Occultation Observations 
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Stellar occultation observations have provided strong 
evidence for the presence of atmospheric waves in 
Pluto’s atmosphere, including inertia-gravity waves 
with vertical wavelengths from a few km to tens of km 
[1,2]. Here, we search for evidence in the stellar occul-
tation observations of atmospheric tides, predicted to be 
driven by sublimation and freezing of N2 on Pluto’s 
surface. Toigo et al. [3] developed a classical tidal 
model, based on the assumption that the high-albedo 
areas on Pluto are regions of frost deposition and sub-
limation. While the actual situation may be more com-
plex, this provides a reasonable starting point, as well 
as testable predictions about the amplitudes, wave-
lengths, and regional variability of temperature pertur-
bations associated with the vertically propagating 
waves.  

The most direct comparison between the tidal predic-
tions and the occultation observations is provided by 
constructing synthetic occultation light curves, using a 
ray-tracing code to model the refraction of starlight as it 
passes through the tidally-perturbed atmosphere.  

Figure 1: Synthetic light curves compared to the ob-
served light curve (black) from the August 21, 2002 
stellar occultation by Pluto, observed from the 3.55-m 
Canada-France-Hawaii Telescope (CFHT) in Hawaii 
[4]. A synthetic light curve derived from a smoothed 
model temperature profile is shown in green, and the 
results from tidal calculations [3] are shown in red. 
Here, the atmospheric temperature oscillation ampli-
tudes from the tidal models have been reduced by a 
factor of 4, resulting in a reasonable qualitative match 
to the observations. 

Figure 1 shows such a comparison, from Toigo et al. 

[3]. Here, the sharp spikes, or scintillations, in the mod-
el light curve result from the strong focusing of starlight 
by vertical temperature variations of about 1 K and ver-
tical wavelengths of a few km. Although the nominal 
tidal amplitudes result in spikes that are larger then 
those observed, a fair match is obtained by reducing the 
tidal amplitudes by a factor of 3 or 4, as shown. The 
resulting qualitative similarity between the model and 
the observations is suggestive that sublimation-driven 
tides may be responsible for the spikes in the observed 
light curve, but a more detailed assessment is required 
before we can say that the tidal model has been substan-
tiated. 

We have improved on this exploratory comparison of 
tidal theory with observations in the followowing ways:  

1. Two-dimensional wave structure. The ray-tracing 
results shown above assume that the atmosphere is ra-
dially symmetric (one-dimensional), but the tidally-
driven waves have horizontal as well as vertical struc-
ture that should be taken into account. The effective 
horizontal path length of a ray through the atmosphere 
is of order λ = (2πRH)1/2 ∼ 600 km for Pluto, where R 
is the planetary radius and H is the atmospheric scale 
height. When the horizontal wavelength λh << λ, the 
resultant scintillation spikes in the model light curve are 
substantially suppressed by horizontal averaging, com-
pared to a one-dimensional calculation.  

2. Accounting for convection. A vertically propagating 
wave of constant energy will increase in amplitude with 
height as it moves into lower density regions of the 
atmosphere. Eventually, the wave can become unstable 
against convection when its thermal perturbation ex-
ceeds the adiabatic lapse rate. Using a wavelength-
dependent scaling, we modify the tidal results of [3] by 
damping the growth of vertically propagating waves to 
ensure that they remain subadiabatic. This also has the 
effect of reducing the strength of the scintillation 
spikes, bringing the predictions more in line with the 
observations. 

3. Detailed comparison of atmospheric vertical struc-
ture. We compare the predicted tidally-induced vertical 
temperature perturbations, modified as described above, 
with the observed vertical thermal structure in Pluto’s 
atmosphere, determined from numerical inversion of 
occultation light curves. Although this approach is lim-
ited to the highest SNR data sets, it enables us to make 



direct comparisons between physical quantities of inter-
est, such as the variation in tidal amplitude and wave-
length with altitude. We employ both traditional Fourier 
techniques to derive the spectral density of the tempera-
ture variations, as well as wavelet decomposition, 
which has the advantage of more accurately character-
izing waves whose amplitude varies with height, as 
expected for vertically propagating tidal modes.  

The results of this ongoing analysis will provide a criti-
cal test of the atmospheric tidal model of Toigo et al. 
[3], and lay the groundwork for additional detailed 
comparisons of GCM predictions of atmospheric struc-
ture with high-SNR stellar occultation probes of Pluto’s 
atmosphere. These, in turn, will help to lay the groud-
work for the interpretation of upcoming observations of 
Pluto’s atmospheric structure during the New Horizons 
encounter in 2015. 

This work is supported by NASA Planetary Atmos-
pheres Grant PATM NNX11AD83G. 
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THE SIZE DISTRIBUTION OF THE KUIPER BELT. 
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Introduction:  The remnants of the protoplanetary 
disk, now in the form of trans-Neptunian objects 
(TNOs), provide a testing ground for the collitional and 
dynamical processes that formed and shaped the Solar 
System. In particular, the current TNO size distribution 
is defined by its initial properties, collisional history, 
and the formation and evolution of the giant planets 
[1,2,3]. The luminosity function of TNOs has been used 
extensively as a proxy for their size distribution. Be-
sides the TNO size distribution, the luminosity function 
also depends on other TNO properties, such as surface 
albedos and orbital distribution. A systematic account-
ing of all these effects will be possible with the coming 
new synoptic observatoris and much larger ultradeep 
surveys. 

Observations: TNOs shine in reflected light, which 
makes observing small and distant TNOs very challeng-
ing. Hence, knowledge of the trans- Neptunian region is 
based predominantly on the study of only the brightest 
objects, with typical diameters 100–300 km [4]. These 
objects, usually discovered in shallow surveys that 
cover a significant fraction of the available sky [5,6], 
are followed up extensively and become spectroscopic 
targets. Several ‘Deep’ surveys have been completed 
from the ground, using the largest telescopes available 
and reaching limiting magnitudes as faint as R~27 
when digitally combining several hours of observation 
[7]. Space based searches have proven extremely effi-
cient at finding TNOs with D<50km. HST’s ACS/WFC 
TNO search by Bernstein et al. (2004) [8] yielded three 
new objects, discovered with a limiting magnitude of 
R=28.5. This result implied a break in the size distribu-
tion of TNOs and hinted at a different size distribution 
for high (i>5◦) and low (i<5◦) inclination objects. Since 
then a handful of single detection searches has been 
completed with HST data, yielding tens of TNOs with 
D>30km [9,10,11]. Occultation surveys rely on the 
indirect detection of small TNOs on background star’s 
lightcurves to constrain the size distribution of km sized 
to sub-km sized TNOs [12,13,14,15,16] The report of 
the first TNO occultation event in 2009 [13] has al-
lowed us to extend the TNO size distribution to km 
sizes objects. 

Open Questions:  We have now reached the point 
in this field that testable predictions about the history of 
the outer Solar System can be made from a collection of 
evidence: (1) There is an observed break in the TNO 
size distribution at R∼25.2. This break exists for all 
dynamical classes of TNOs. This break may either be 

due to collisional evolution or primordial formation 
processes. (2) Cold classical TNOs (i<5◦) formed in the 
vicinity of their current location (∼42–45 AU, with low 
eccentricities). Cold classical TNOs have not experi-
enced significant dynamical mixing over the age of the 
Solar System. (3) Large cold classical TNOs have uni-
formly red surfaces [17,18]. The colors of small cold 
classical TNOs are not known. (4) Old surfaces in the 
outer Solar System become red through billions of 
years of radiolysis. Blue/neutral surfaces must be 
fresh(er) and young(er). (5) There is a hint that small 
TNOs in other dynamical classes may be bluer than 
their large counterparts, but the signal is weak and dif-
ficult to interpret dynamically. Filling in more com-
pletely the TNO size distribution with objects between 
the capabilities of current direct detection and occulta-
tion surveys, and characterizing the size distribution of 
different dynamical classes will allow us to distinguish 
between the collisional and dynamical processes that 
shaped the outer solar system. 

Conclusions: The current size distribution of TNOs 
provides a direct comparison with the expectations 
from different Solar System evolution theories. This is 
one of the most appealing aspects motivating surveys 
that aim at measuring the TNO size distribution. I will 
review what we think are some open questions regard-
ing the conclusions that can be supported with the cur-
rent size distribution and the observational evidence 
that would help us answer those questions. I will focus 
on the new generation of wide-field facilities and the 
contribution that we expect from New Horizons. 
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Segregation on Pluto's moons? Paying Charon (and Nix and Hydra) closer attention. 
G. G. Galuba1 and S. van Gasselt1, 1Freie Universität Berlin, Planetologie und Fernerkundung, Malteserstr. 74-100, 
12249 Berlin, Germany. (goetz.galuba@fu-berlin.de)

Introduction:  While all planets and moons in the 
solar system have well-known surfaces Pluto's moons 
remain an open mystery. Charon seems to have no at-
mosphere and the details of the surfaces of Nix, Hydra 
and  at  least  two  further  moons  are  unknown.  What 
forms of  interactions could dominate those surfaces? 
Segregation processes on Saturnian satellites are well 
known. Could we find these on Charon, too?

Segregation:  On the surface of Saturn's moon Ia-
petus (see fig. 1) we find a global albedo dichotomy 
and also local craters and troughs with dark floors [1]. 
The thermal-feedback process is explained in  [2]: An 
area  is  overheated  compared  to  the  average  surface, 
water ice migration away from this area gets more ef-
fective. A mixture of ice with dark material therefore 
increases the percentage of dark material as the white 
ice migrates away. Albedo decreases and absorption in-
creases.  The  absorbed  sun  irradiation  leads  to  even 
more overheating. A runaway feedback occurs.

In the Pluto-system:  Due to the elliptic orbit of 
Pluto the surface temperatures of airless bodies in the 
Pluto system can vary significantly. The tilted axis of 

the Pluto system in regard to the solar ecliptic adds sig-
nificant annual variation. After these considerations se-
gregation driven by temperature/albedo  gradients  are 
probable.
However water can be excluded as migrating material 
as the vapour pressure of H2O does not rise enough to 
get a migration dominating the global or local surface 
composition. Other chemical substances would have to 
fill that gap acting as migrating bright material.

For  the  dark  material  needed  the  situation  looks 
better: The Pluto system is known to home hydrocar-
bons that  are destroyed by photolysis and recombine 
making tholins a ressource present in Pluto's system. A 
small  amount  of  intermixture  with  water  ice  or  any 
light-scattering embedding matrix creates an effective 
tint; i. e., lowering the albedo.

The method: We propose, that the interpretation of 
possible segregation processes in the Plutonian system 
is done in a very modular way. As we still don't know 
which processes form interdependencies in this temper-
ature and insolation regimes an approach with modular 
descriptions  for  solar  flux,  local  surface  temperature 
and sublimation has been built. Global migration rate 
networks  for  volatiles  on  planetary  surfaces  can  be 
taken from our work on Iapetus (see. Fig. 2). However 
the exact mixture of the volatiles can not be anticipated 
with the precision needed for the description of surface 
chemistry and its  interdependency with absorption of 
solar irradiation. In case the surface and gas temperat-
ures deviate from each other not only within the atmo-
sphere of Pluto but also on other surfaces we are inter-
ested  in,  a  monte-carlo  radiative-transfer  block  has 
been already prepared.

Fig 1: Cassini ISS image of Iapetus, showing the trail-
ing side. The diameter of Iapetus is 1470 km. The im-
age was taken on the only targeted flyby in September 
2007.

Figure 2: Model of global segregation on the surface 
of Iapetus



This modular approach has been illustrated in fig. 3. 
The input into the numerical process is data derived 
from the New Horizons experiments and the known 
solar flux. Building blocks in the procession of these 
inputs are

1. the calculation of the Bond surface albedo (A)
2. the derivation of constraints on relevant chem-

ical compositions and their extinction coeffi-
cients κi,S 

3. the thermodynamics of the respective surfaces 
including Temperature (TS) and vapour pres-
sures of volatiles (pS)

If the gas phase above the respective surfaces is not 
negligible and local thermal equilibrium is not 
achieved on the surface, gas chemistry and the radiat-
ive-transfer model have to be taken into account for the 
gas phase extinctions κi,G and the kinetic gas temperat-
ure TG.

Aknowledgement:  We  gratefully  acknowledge 
funding  of  this  work  by the  German  Space  Agency 
(DLR) Bonn through grant no. 50OH1102.
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Pluto Lightcurve in 2010 
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Introduction:  Our research is part of an ongoing 

project to monitor the long-term photometric behavior 
of Pluto to provide constraints on volatile surface mi-
graiton. As Pluto passes near the center of the galaxy, 
the fields are too crowded with stars for normal aper-
ture photometry. We approached this problem with a 
combination of point-spread function (PSF) photometry 
and optimal image subtraction (OIS). Our data are from 
the 0.8m robotic telescope at Lowell Observatory, the 
1m robotic telescope at New Mexico State University, 
and the Faulkes 2m robotic telescope at Siding Spring 
(part of Las Cumbres Observatory). The main focus of 
our efforts is the data from 2010. 

Background Catalog:  The catalog is generated 
from non-Pluto images of the 13 fields observed on 3 
photometric nights each. It is in two parts—Stage 1 and 
Stage 2. The Stage 1 catalog contains sufficiently iso-
lated stars calibrated by Landolt standards with a full, 
computed transformation. The Stage 2 catalog contains 
field stars fit by a PSF. Together, these sources form the 
final catalog used to calibrate the Pluto frames.  

Image Subtraction:  We use OIS to remove con-
taminating sources from around Pluto in order to extract 
good photometry. We use a package for IDL described 
in [2] that has been optimized to run quickly. Using 
data from nights with overlapping fields, we stack the 
images into a template that is subtracted from each 
Pluto image after matching PSFs between frames. This 
process removes the stars from the image, leaving a 
differenced image containing only Pluto.  

Pluto Extraction:  We use the calibrated stars from 
the catalog and apply those sources to the Pluto images. 
We start with the images before the template subtrac-
tion and extract instrumental magnitudes for Pluto as 
well as the background sources. We then locate the 
standards contained in the image and compute the trans-
formation. We apply the transformation to the differ-
enced Pluto image to obtain our final results for the 
magnitude and color. After completing this process for 
the nights from 2010, we obtain a lightcurve for that 
year. 

This presentation will cover the calibration tech-
niques used to process the data, as well as aspects of the 
2010 lightcurve. 
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Introduction: At least   four satellites  are in orbit 
around  the  barycentre  of  the  Pluto-Charon  binary 
system. These  satellites,  P5,  Nix,  P4 and Hydra are 
smaller than Pluto and Charon and are located  further 
from the binary. In this  work we investigate the mass 
production rate of micron-sized dust particles generated 
by micro-meteoroids hitting Nix and Hydra. Numerical 
simulations taking into account the gravitational effects 
of the massive bodies and the solar radiation pressure 
were  performed  to  derive  the  lifetime  of  the  ejecta 
particles.  This  information  allow  us  to  estimate  the 
optical  depth  of  a  putative  ring  extending  from  the 
orbits of Nix to Hydra [1].  

Numerical  Simulations:  The  typical  size 
distribution of dust rings follows a power law ([2], eqn. 
3);  here  we adopted the index q =  3.5.  Thus,  in  our  
numerical simulations we assumed particles of  1, 5 and 
10  μm  in  radius  as  a  representative  set  of  this 
distribution. For each size we simulated 360 particles  
for the time span of 6500yrs.  The sample of 1 μm-sized 
particles was completely scattered in a very short time-
scale (less than 1 yr), considerable quantity of these tiny 
particles cross the orbit of Charon and can collide with 
one of the members of the binary. Those particles which 
remain longer  in  the  system are  mostly  removed  by  
ejection. For a couple of years larger particles (5 and 10 
μm) are distributed in a region encompassing the orbits 
of Nix and Hydra. The loss of ejecta due to escape from 
the system reaches 70 per cent of the initial set of the 1 
μm-sized grains. The transfer of material between the 
moons depends on the particle size, for the 10 μm-sized 
particles the rate of ejecta exchange between the moons 
is less than 1 per cent.

Mass  Production:  First,  we  calculate  the  mass 
production of the ejected dust particles by analysing the 
mass  flux  of  impactors  at  Pluto’s  region  and  the
parameter  known  as  ejecta  yield  (Y).  This  analytical 
model follows the approach summarized in [3]. For a  
steady-state ring its mass is directly proportional to the
lifetime (T) of its particles, m = M+ T. In order to obtain 
m we compute how long the ejected particles stay in the 
region  limited  by  the  orbits  of  Nix and  Hydra.  This  
mechanism of  dust  production is able  to  generate an  
accumulated  mass  of  m 1000kg  which,  for  a  radial∼  
width of  16000km (the average distance between Nix 
and Hydra) at R  57000km,  corresponds to an optical∼  
depth of  4 × 10ˉ.

Discussion:  The  ejected  particles,  between  the 
orbits  of  Nix  and  Hydra,  form a  wide  ring  of  about 
16000km.  Collisions  with  the  massive  bodies  and 
escape from the system are mainly determined by the 
effects  of  the  solar  radiation  pressure.  This  is  an 
important loss mechanism which removes 30 per cent 
of  the  initial  set  of  1  μm-sized  particles  in  1yr.  The 
surviving  particles form  a  ring  too  faint  to  be  
detectable.  Preliminary results on the fate of the dust 
particles after being ejected from the recent  discovered 
satellite, P4 and P5, will be presented.
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The Dynamical Context of Pluto
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Pluto's orbital configuration generated many historical surprises as its 
complexities were gradually uncovered. As a showcase of bound chaos in the 
Solar System, Pluto is the lord of the 3:2 resonance but participates in other 
complicated dynamical interactions. We now understand that Pluto is one of a 
large number of resonant Kuiper Belt objects and the most important 
question is how it came to reside in its current dynamical state. For this Pluto 
needs to be viewed in its context relative to:
 
(a) the other trans-neptunian resonant objects,
(b) the hot classical Kuiper Belt,
(c) the current Centaur and scattering population, 
(d) the detached population, and
(e) the cold classical Kuiper Belt's sub-components.

   I will review what we know about these populations, with particular 
emphasis on what comparisons with calibrated observational surveys tell us 
about constraints on past histories of Pluto, which certainly did not form on 
its current orbit.  
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Introduction:  The Alice instrument on New Hori-

zons will perform many observations of Pluto’s far-
ultraviolet (FUV) airglow emissions during the 2015 
flyby. While Pluto’s atmosphere is dominated by N2, 
simulations suggest that the brightest airglow signal at 
Pluto will actually be due to Lyman alpha (Lyα) emis-
sion of atomic hydrogen. This is because H atoms, pro-
duced at lower altitudes during photolysis of CH4, rise 
up to become an important constituent of the atmos-
phere at high altitudes, and are able to scatter the very 
bright Lyα lines from the Sun and the interplanetary 
medium (IPM). The IPM Lyα signal at Earth is very 
much less than direct solar Lyα, but IPM Lyα falls off 
much more slowly than r-2, so that at Pluto’s distance 
from the Sun the two sources are of comparable 
strength [1,2]. 

 
Resonantly Scattered Solar Lyα:  At 32.9 AU 

from the Sun during the New Horizons flyby on July 
14, 2015, Pluto is far enough away that the solar Lyα 
line undergoes considerable extinction due to scattering 
by H atoms in the interplanetary medium [3]. However, 
since Pluto is currently situated almost directly up-
stream in the interstellar wind, this extinction is shifted 
from line center by about 20 km/s, or ~15 Doppler 
widths from line center for 100-K H atoms in Pluto’s 
upper atmosphere, and thus has very little affect on the 
corona, as seen in Fig. 1. The sub-solar brightness of 
Lyα due to resonant scattered sunlight is ~50 Rayleighs. 

 

 
Fig. 1. The estimated solar line profile at the top of 
Pluto’s atmosphere, and at the top of the methane layer. 

Resonantly Scattered IPM Lyα:  Models of IPM 
Lyα indicate that the IPM brightness at Pluto during the 
New Horizons flyby will be ~100 Rayleighs over most 
of the sky, increasing to ~500 Rayleighs within ~30° of 
the Sun (located downstream), as shown in Fig. 2. Alt-
hough relatively bright, the IPM (like the extinction of 
the solar Lyα line) has a large Doppler shift at most 
directions on the sky, and can only really interact with 
Pluto’s atmosphere when incident from a band around 
the terminator (i.e., incident from a solar zenith angle 
near 90°). 

Fig. 2. Model IPM brightness (in ecliptic coordinates) 
expected for the New Horizons flyby of Pluto. 

 
In this talk we will further discuss how Lyα emis-

sions are formed at Pluto, and will show predictions for 
Pluto’s Lyα corona as seen from New Horizons. 
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Introduction:  We report observations of 
Pluto and Triton with the Double Beam 
Spectrometer and Photopolarimeter 
(DBSP) using the Palomar 5 meter tele-
scope on July 20 and 21, 2010 UT.  
 
Background: Laboratory photochemical 
studies of thin cryogenic ice films com-
posed of N2, CH4 and CO in ratios analo-
gous to those on the surfaces of Nep-
tune’s largest satellite, Triton, and on 
Pluto suggest that C2

-, CN, HCO, and 
CNN may be found in significant quanti-
ties on the surfaces of Pluto and Triton 
[1].  Several absorption bands of these 
photochemical products occur towards the 
blue end of the visible spectrum and many 
of these products have no significant 
spectral absorption bands in the well-
studied near infrared region.  Our objec-
tive was to use the Palomar DBSP spec-
tra to search for evidence of these prod-
ucts through their predicted visible wave-
length absorptions as well as to provide 
new high signal-to-noise spectra of Pluto 
and Triton at wavelengths from 340 to 950 
nm prior to the New Horizons Pluto en-
counter. 
 
Observations:   
We used the Double Beam Spectrometer 
Photopolarimeter (DBSP) facility instru-
ment on the Palomar 5-meter telescope to 
acquire ~Å resolution spectra with SNR > 
100 on both Triton and Pluto. The DBSP 
[2] is still a workhorse instrument at Palo-
mar that has been significantly upgraded 
in both hardware and software (see 
http://www.astro.caltech.edu/palomar/200i
nch/dbl_spec/dbsphome.html). It is widely 
used to measure red shifts of faint galax-
ies and other astrophysical sources. It has 

independent blue and red channels, each 
with its own CCD camera, and a select-
able dichroic filter to choose the dividing 
wavelength between the 2 channels. We 
used the 680 nm dichroic and the 600 
lines/mm grating (400 nm blaze) to focus 
the blue channel on the 340 to 650 nm 
wavelength window containing the pre-
dicted absorption features targeted in this 
research. The red channel used the 316 
lines/mm grating (750 nm blaze) and 
spanned wavelengths from 700 to 950 
nm.  The spectral features of C2

- (474, 523 
nm), HCO (400-700 nm), CNN (397, 420 
nm) and CH2N2 (400 nm) have not been 
detected in prior studies of Pluto and Tri-
ton, but high SNR spectra at the critical 
blue end of the visible wavelength window 
are sparse.  Due to the large and model 
dependent uncertainties in the spatial dis-
tribution and compositions of the Triton’s 
and Pluto’s ices, it is not possible to make 
a useful quantitative prediction of the ex-
pected strengths of these bands. Either 
detection or non-detection and strict upper 
limits in the Pluto and Triton spectra pro-
vide constraints on the importance of the 
photochemical processes observed in the 
laboratory spectra of analog ices.  The 
observed spectra of Pluto and Triton will 
be compared to the laboratory spectra of 
the photochemical products in ices in this 
presentation. 
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Introduction:  Nix, Hydra, P4, and P5 have pre-

sented problems to those wishing to determine how 
these four small satellites entered into their currently 
observed orbits about Pluto.  It is largely believed that 
these satellites were formed through the Charon-
generating impact on Pluto, but how could these satel-
lites have ended up in their current orbits?  And, why 
are the satellites’ orbits very close to, but not exactly 
within, mean motion resonances [1, 2]?   

We used new information about the Kuiper belt size 
distribution to make our own investigation into the or-
bital and collisional history of the satellites of Pluto 
over the age of the Solar System.  With this new infor-
mation, we generated a new model of the collisional 
evolution of Kuiper belt objects. These time histories 
were used to help determine whether collisions between 
these satellites and other objects within the Kuiper belt, 
and its various dynamical subpopulations, could have 
been important over their lifetimes.   

Simulations:  To estimate the importance of colli-
sions in the Plutonian system, a total number of large 
impacts was estimated over the past 4 billion years.  
Simulations were performed with each of the four small 
satellites beginning in a circularized, resonant orbit.  
Each satellite was then inelastically collided with an 
impactor, factoring in effects from ejecta [3], to deter-
mine a new resulting orbit.  If an impact was great 
enough to move the satellite from the initial resonant 
orbit to an orbit similar to its current one, the impact 
was flagged as significant. 

Impactors were considered from four subpopula-
tions of the Kuiper belt: the Scattered Disk, Plutinos, 
cold classical Kuiper belt, and hot classical Kuiper belt 
[4].  Subpopulation size distributions were modeled 
from newly identified Kuiper belt size distributions.  
From these distributions, collisional rates were created 
for each satellite from each subpopulation [5].  Colli-
sional rates of impactors of significant size were then 
identified for each satellite, and then integrated to pro-
duce a total number of significant collisions for each 
satellite over 4 billion years.  Care was taken to consid-
er effects of mass loss over time within certain subpop-
ulations of interest during the integrations as well [6, 7]. 

Over this 4 billion year period, we found that each 
of the four small satellites have rates of impact greater 
than or equal to one with significantly sized impactors, 
implying that collisions have played a non-negligible 
role in the dynamical evolution of the Plutonian system.  
Effects from even larger impactors, with impact rates 

greater than or near one, were looked into as well, 
providing insight into other methods for analyzing the 
collisional history of the satellites of Pluto.  New simu-
lations were then developed using Monte Carlo tech-
niques to better analyze the dynamical evolution of the 
four smaller satellites of Pluto due to collisions from 
Kuiper belt objects. 
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Distribution and Evolution of Pluto's Volatile Ices from 0.8-2.4 µm Spectral Monitoring
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We report  observations of Pluto's 0.8 to 2.4 µm re-
flectance spectrum with IRTF/SpeX on 65 nights over
the  dozen  years  from  2001  to  2012  (Grundy  et  al.
2013).   The  spectra  show vibrational  absorption  fea-
tures of simple molecules CH4, CO, and N2 condensed
as ices on Pluto's surface.  These absorptions are modu-
lated by the planet's 6.39 day rotation period, enabling
us to constrain the ices' longitudinal distributions.  Ab-
sorptions  of  both  CO  and  N2 ices  are considerably
stronger on Pluto's anti-Charon hemisphere.  This lon-
gitudinal  distribution is unlike  that of CH4 ice,  which
has its maximum absorption offset by roughly 90° from
the longitude of maximum CO and N2 absorption.  The
CH4 absorptions  are also  less  strongly  modulated  as
Pluto spins on its axis.  However,  wavelength shifts in
the CH4 ice absorption bands caused by  its  dilution in
N2 ice are seen to be greatest on the anti-Charon hemi-
sphere  where  N2 and  CO  absorptions  are  strongest.
CH4 ice is much less volatile than N2 and CO, with a
vapor pressure at 40 K roughly three orders of magni-
tude below those of CO and N2 (Fray & Schmitt 2009).
The volatility contrast between CH4 and the other two
ices suggests that their distinct distributions could rep-
resent the product of sorting by volatility.  The striking
inhomogeneities  in  the  distribution  of  Pluto's  volatile
ices  and  especially  the  Charon-oriented  symmetry  of
Pluto's  N2 and CO ice distributions are especially in-
triguing.  Such a pattern could perhaps be controlled by
elevation if Pluto has a fossil tidal bulge or a displace-
ment of its center of mass relative to its center of body,
leading  to  a  near-side/far-side  dichotomy like  Earth's
Moon has.  Large-scale patterns in Pluto's internal heat
flow offer another possible explanation.  The remark-
ably unbalanced volatile ice distribution is reminiscent
of  the  Moore  &  Spencer  (1990)  “Koyaanismuuyaw”
hypothesis  of a perennially dichotomous Triton.  Tri-
ton's volatile N2 and CO ices are similar in exhibiting a
longitudinal distribution corresponding to the tidal axis
of symmetry, except that in Triton's case, both ices are
strongly concentrated on the Neptune-facing rather than
the anti-Neptune hemisphere (Grundy et al. 2010).

In addition to diurnal  variations,  the spectra show
longer  term  trends.   On  decadal  timescales,  Pluto's
stronger  CH4 absorption  bands  have  been  getting
stronger, while the amplitude of their diurnal variation
diminishes, consistent with additional CH4 absorption at

high  northern latitudes rotating into view as the sub-
Earth latitude moves north (as defined by the system's
angular  momentum vector).   Unlike  the  CH4 absorp-
tions, Pluto's CO and N2 absorptions appear to be de-
clining  over  time,  suggesting  more  equatorial  or
southerly distributions of those species.   To get an idea
of whether the observed trends are due to changing spa-
tial distributions of the ices caused by seasonal volatile
transport or simply from the changing observing geom-
etry,  we did observations on three pairs of nights se-
lected to be separated in time by a little over a year, but
with  very  little  difference  in  observing  geometry,
thanks to parallax from Earth's motion.  Comparisons of
these geometrically-matched pairs of spectra favor geo-
metric explanations for the observed secular changes in
CO and N2 absorption, although seasonal volatile trans-
port could still be at least partly responsible.  The case
for a volatile transport contribution to the secular evolu-
tion looks strongest  for  CH4 ice,  despite  it  being the
least  volatile  of  the  three  ices.   Both  long-term and
matched-pair CH4 behaviors can be explained if volatile
transport is reducing the strengths of the CH4 bands at
the same time as geometric effects are increasing them.
Averaged over the past decade, the two effects combine
to produce an overall increase in CH4 band strengths,
but if geometry is held constant, only the volatile trans-
port weakening effect is seen.
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Introduction: Since the late 1980s, stellar occulta-

tions have provided snapshots of the Pluto system and 
specifically of Pluto’s atmospheric evolution. The 
lower atmosphere, below roughly half-light level in an 
occultation light curve, has changed distinctly over 
time (e.g. [1, 2]). Theorized explanations for the lower 
atmospheric structure include a steep thermal gradient 
and/or extinction, the latter of which can be character-
ized as a dependence between occultation flux and 
wavelength. Pluto’s upper atmosphere has remained 
consistent.  However, in 2007, a grazing occultation 
revealed waves in the upper atmosphere [3-5].  

Data: Observations were made at NASA’s 3-m In-
frared Telescope Facility (IRTF) on Mauna Kea, Ha-
waii, for a predicted occultation of a UCAC2 14.43 
magnitude star by Pluto on 23 June 2011. The stellar 
magnitude is 11.0, 10.1, and 9.7 in J, H, and K, respec-
tively. The star was observed simultaneously with and 
SpeX [6] and MORIS (the MIT Optical Rapid Imaging 
System [7]).  MORIS recorded visible images of a 1- 
arcmin by 1-arcmin field of view, with an effective cen- 
 

Figure 1. IRTF lightcurves of the 23 June 2011 occul-
tation by Charon (left) and Pluto (right). The data are 
visible-wavelength images with MORIS and low-
resolution spectra with SpeX. The signal-to-noise ratios 
of the lightcurves are approximately 125 (MORIS) and 
80 (SpeX) per Pluto scale height of 60 km. 

Figure 2. Expanded views of the occultation lightcurve 
for Charon (left) and Pluto (right). The SpeX data have 
been summed into standard filter bandpasses: H is 
1.164–1.326 µm, J is 1.483–1.779 µm, and K is 2.027–
2.363 µm.  The SpeX data are plotted as 2% trimmed 
means because H band is noisy.  This trimming drops 
only 1-2 data points from each filter and does not affect 
the general characteristics of the lightcurve. No signifi-
cant variation with color is apparent, except for slight 
differences in the spikes of the Pluto graze. 

tral wavelength of 0.74 microns, at a cadence of 0.3 
seconds and negligible deadtime.  Low-resolution spec-
tral IR data of the occultation star and a comparison 
were taken with SpeX, using the 1.6-arcsecond slit, at a 
cadence of 1.5 seconds including approximately 0.75 
seconds of deadtime. The SpeX data cover the range of 
0.9-2.5 microns over 474 wavelength channels. Data 
from both instruments show a full occultation of the 
star by Charon followed approximately 620 seconds 
later by an atmospheric graze by Pluto (Figure 1). 

Conclusions: Based on model fitting to the MORIS 
data for light diffraction by an edge, the Charon occul-
tation lasted 45.73 ± 0.01 s, corresponding to a chord 
length of 1111.70 ± 0.11 km. Assuming Charon’s ra-
dius is 606.0 ± 1.5 km [8], the impact parameter for the 
IRTF was 241.4 ± 3.7 km. No diffraction spikes were 
seen and there is no difference in the flux level as a 
function of observational wavelength over the entire 
range of ~ 0.7–2.5 µm (see Figure 2). 

The impact parameter in Pluto’s shadow was 1138 ± 
3 km as determined by a fit to six lightcurves from four 
stations that observed the event, including SOFIA (the 
Stratospheric Airborne Observatory for Infrared As-
tronomy, [9]). From the IRTF, the graze reached a 
minimum normalized flux level of roughly 0.35 and 
probed as deep as 1255 km from Pluto’s center. As 
shown in Figure 2, there is no obvious difference in 
flux over the observed wavelength range. Atmospheric 



model fits to a nearly central chord from SOFIA sug-
gest that if a haze layer were present it would start at 
1244 km from Pluto’s center (~1103 km in the shadow) 
[9]; therefore, this graze did not probe deeply enough in 
the atmosphere to detect a trend between flux and 
wavelength. 

There are multiple features in the Pluto graze that 
deviate more than 2! from a smooth, atmospheric 
model fit. These bumps and spikes are due to atmos-
pheric density variations.  Unlike the graze in 2007 in 
which waves were detected [3-5], the 2011 data are 
asymmetric from immersion to emersion, excluding the 
bump at the very bottom (Figure 3).  The flux variations 
are the strongest between ~ 1200–1300 km in the 
shadow (~ 1280–1335 km from Pluto’s center). The 
features vary with observed wavelength: in particular, a 
spike was detected during emersion in the SpeX data, 
but not with MORIS (Figure 2). 

We will present a detailed analysis of the SpeX and 
MORIS occultation data, taking into consideration how 
this dataset fits into our overall understanding of Pluto’s 
atmospheric evolution. 
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Figure 3. The 2011 Pluto occultation graze as a function of radius in the shadow, compared with an occultation 
graze in 2007 [3] observed on the 6.5-m MMT with a Portable Occultation Eclipse and Transit System (POETS, 
which is a similar instrument to MORIS).  The calculated shadow radius at half-light level is comparable for these 
two events [9]. The 2011 graze goes significantly deeper into the atmosphere, but is at lower resolution: the occulta-
tion velocity in 2007 was 6.8 km/sec versus 24.3 km/sec in 2011. Other than the bump at the lowest flux level, the 
2011 lightcurve does not display symmetric features like those determined in the 2007 data to be internal gravity 
waves [3-5]. 
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Introduction: Once considered an anomaly, Pluto 

and its moons are now recognized as benchmarks for 
studies of the Kuiper Belt. The Pluto system is the pri-
mary objective for the New Horizons mission (July 
2015 flyby; [1]). Pluto and its primary moon Charon are 
two of the largest bodies of the Kuiper Belt (diameters 
~ 2350 and 1200 km, respectively) yet, despite similar 
size and co-location, differ in key aspects. Charon’s 
homogeneous surface is dominated by water ice, while 
Pluto’s heterogenous surface has methane and CO/N2 
ices ([2], [3]) and supports a thin atmosphere. The at-
mosphere was discovered in 1988 (e.g. [4]) but many 
essential features are still poorly known. Stellar occulta-
tions reveal the middle atmosphere is relatively warm 
(near 100 K) and that the atmospheric pressure approx-
imately doubled from 1988 to 2002, remaining roughly 
constant since (e.g. [5], [6]). The atmosphere must be 
dominated by N2, with significant CH4 and CO, and is 
likely similar to Triton’s atmosphere (also nitrogen-
dominated). Atmospheric CH4 is detected in the near-IR 
([7], [8]) indicating ~0.5% CH4/N2 and a total surface 
pressure of 7–24 µbar. The N2-dominated atmosphere, 
in vapor-pressure equilibrium with N2 ice, depends crit-
ically on the surface temperature, which at around 42 K 
is significantly below the radiative equilibrium tem-
perature for 31 AU due to this vapor-pressure mainte-
nance. Minor species (CH4, CO) and photochemical 
products (particularly HCN) control the atmospheric 
temperature structure, and thus the escape rate. As de-
scribed in [9], the escape rates of volatiles N2, CO and 
CH4 are powerful tools for understanding evolution of 
the surfaces of Triton, Pluto, Charon, Eris, Orcus and 
other KBOs. And while only Pluto and Triton have 
known atmospheres, some larger KBOs may still retain 
enough volatiles to develop sublimation atmospheres 
near perihelion; Pluto serves as an important reference 
point for the study of these possible atmospheres. 

The CO Conundrum. Well-detected as an ice on 
Pluto’s surface, carbon monoxide should also be pre-
sent in the atmosphere; its vapor pressure at Pluto tem-
peratures is only a factor of 8 lower than for N2. CO 
should also be well-mixed in the atmosphere given its 
long lifetime and molecular weight identical to N2. Ini-
tial non-detections of atmospheric CO (near-IR: [10]; 
mm CO(2-1): [11]) have more recently been followed 
by reported detections. 

The first was in the near-IR by Lellouch and col-
leagues [12] (hereafter designated L2011), found by 

stacking spectra covering several absorption lines of 
CO to obtain a 6-σ detection of the gas. Nearly simulta-
neously, a detection in the 1.3 millimeter band was re-
ported by Greaves and colleagues [13] (hereafter 
G2011). With several observations spread over 2009 
and 2010 using the JCMT, G2011 present a combined 
spectrum with 5.5-σ feature they identify as the CO(2-
1) rotational transition at 230.538 GHz. The near-IR 
method is sensitive to CO in the lowest scale height, 
while the millimeter line to much higher altitudes (nom-
inally 300-500 km), and if CO is well mixed they 
should agree. Instead, they are strikingly inconsistent. 

L2011 find CO at ~500 ppm assuming T=100 K. 
This abundance is somewhat higher than expected from 
equilibrium in an ideal mixture based upon the ob-
served CO/N2 ice ratio, and the authors favor a situation 
(“detailed chemical balance”) in which a CO-enriched 
thin surface layer controls the atmosphere abundance. 
Still the low SNR of the detection (~6) did not allow a 
firm conclusion on the nature of surface-atmosphere 
interactions.   By assuming a ‘standard’ atmospheric 
model with a constant CO abundance of 500 ppm, we 
can model the expected millimeter-wave CO(2-1) emis-
sion.   Such calculations result in a line around 60 mJy 
peak (about 50 mJy above the 10.5 mJy continuum of 
Pluto). 

G2011, in contrast, found the CO(2-1) line to be 
27±5 mK (Tmb), equivalent to 591±110 mJy, an order of 
magnitude stronger than expected from the results of 
L2011. In order for this feature to be due to CO requires 
it must be extraordinarily abundant (with the τ=1 sur-
face extending to ~5-6 apparent Pluto radii on the sky).  
However, since the line is also found to be extremely 
narrow (about 200 kHz FWHM) the CO must be at a 
significantly colder temperature (~50 K) than expected, 
at least for the lower to middle atmosphere.  

To simultaneously fit both the reported detections of 
L2011 and G2011, our understanding of the atmospher-
ic processes at work on Pluto must be seriously defi-
cient. For example, the G2011 line exceeds the limits 
found for the same CO transition found in [11] by a 
factor of about 4, implying that the CO abundance in-
creased by an immense amount and through an un-
known process over just 10 years.  Similarly, given the 
ratio of CO/N2 ice on the surface and our knowledge of 
vapor pressure equilibrium physics, it is extremely dif-
ficult to imagine a process which would allow for CO 
to be more abundant than N2 in the upper atmosphere 



which is a necessary consequence of the G2011 result 
(E. Lellouch, private communication). 

Submillimeter Array Observations.   In order to 
examine the millimeter-band CO(2-1) detection report-
ed in  G2011, we have reanalyzed our observations of 
the Pluto system obtained in 2005 [14], and 2010 [15].  
The observations were obtained in order to measure the 
separated mm-wave surface continuum brightness tem-
peratures of Pluto and Charon, at 0.5” resolution, using 
the Submillimeter Array (SMA) located just below the 
summit of Mauna Kea in Hawaii.  Fortuitously, both 
data sets also cover the CO(2-1) transition frequency at 
230.538 GHz and can be used to investigate the CO 
abundance in the atmosphere of Pluto.   

The 2005 observations were obtained at 203 kHz 
resolution, comparable to the FWHM of the spectral 
feature shown in G2011.  The 2010 observations, while 
obtained under superior conditions, unfortunately were 
obtained at 812 kHz resolution.  This is significantly 
broader than the G2011 line width, limiting our sensi-
tivity to a narrow feature. Neither data set shows evi-
dence for CO emission.  The combined observations 
(binned at the 2010 resolution) also do not show evi-
dence for CO emission, and we find that our lack of 
detection is inconsistent with the reported G2011 CO 
line, though only at the 3-σ level. 

In order to further investigate the presence of at-
mospheric CO on Pluto, we have obtained several short 
observations of Pluto using the SMA, tuned to the 
CO(2-1) transition.  The spectral resolution covering 
the line frequency is 101 kHz, a much better match to 
the narrow emission feature presented in G2011.  As of 
June 1, we have obtained 12.4 hours on Pluto over six 
separate observations, with subarrays ranging from 5 to 
7 antennas.  Further, we have an approved project to 
obtain even more data, which we are hopeful may pro-
vide another 10-15 hours on source. 

In all the interferometric SMA observations, the 
continuum (thermal) emission from Pluto and Charon 
are well-detected.  For the new 2013 observations the 
spatial resolution is such that the pair remain unre-
solved.  Nonetheless, the high SNR detections of the 
continuum in every single observation assure that the 
SMA was observing the Pluto system and that the flux 
scale is set appropriately.   Additionally, observations 
of Titan and/or Neptune obtained for calibration with 
each data set show characteristic CO lines from their 
atmospheres (at appropreate frequency offsets due to 
their relative velocities with respect to Earth at the time 
of the observations), which verify that the tuning fre-
quency was correctly set for all observations. 

At this meeting we will present our initial analysis 
of all the SMA observations and discuss their implica-

tion in the context of the L2011 and G2011 observa-
tions of CO in Pluto’s atmosphere.    
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Climate Model Overview: In the cold outer solar 

system Pluto and Triton have nitrogen atmospheres in 
vapor pressure equilibrium with surface frosts [1, 2, 3].  
Nitrogen sublimes from the pole experiencing spring 
and condenses on the pole in autumn.  This seasonal 
transport affects the pressure of the atmosphere, the 
location of polar cap boundaries (thus the albedo seen 
from the earth), and the surface temperatures.  New 
earth-based observations constrain what we know about 
the climate and motivate updates to old models in an-
ticipation of the New Horizons flyby. 

Hansen and Paige [4, 5] developed a finite-element 
parameterized thermal model (HP96) that balances and 
conserves energy across Pluto while tracking locations 
and quantities of N2 sublimation and condensation in 
and out of the atmosphere, maintaining the requirement 
of vapor pressure equilibrium.   As shown in Figure 1 
the energy balance equation consists of 5 components:   
• solar energy absorbed by the frost and surface:  

S0(1-A), where S0 is incident solar energy and A is 
the Bond albedo 

• energy emitted from the surface and frost:  εσT4, 
where ε is the emissivity of the frost or surface, σ is 
the Stefan-Boltzmann constant, and T is the tem-
perature 

• energy conducted to and from the subsurface:  k 
dT/dz, where k is the conductivity of the substrate 
and dT/dz is the thermal gradient 

• latent heat of sublimation and condensation:  L 
dm/dt, where L is the latent heat and dm/dt is the 
amount of N2 condensed or sublimed in the time 
step 

• the change in temperature of the frost layer mC 
dT/dt, where m is the mass of the frost in kg/m2, C 
is the specific heat. 

 
Figure 1.  Conservation of energy is modeled for 

the surface and seasonal layer of frost.   Mass is con-
served. 

New Observational Constraints:  When the HP96 
model was developed Pluto observations were sparse:  a 
single occultation in 1988, and the albedo map derived 
from the mutual events provided the primary con-
straints.  In the years since the original results were 
published many more observations of Pluto have been 
acquired - most significantly a number of stellar occul-
tations between 2002 and 2011, plus resolved albedo 
maps from Hubble Space Telescope (HST).   

Pluto’s obliquity and albedo markings:  Planets 
with obliquities greater than ~540 deg have annual inso-
lation greater at the poles than at the equator [6].  
Pluto’s obliquity is effectively 600, which means that a 
permanent cold trap will be in a zonal band of ice, not 
polar caps.  HST images [7] show NO zonal band 
which immediately a) eliminates a high thermal inertia 
surface - on a seasonal time scale higher thermal inertia 
surfaces require longer to cool or to warm, thus remain 
closer to their annual average temperatures;  b) elimi-
nates cold frost (high albedo with high frost emissivity);  
and c) eliminates a large abundance of N2 (more than 
can be moved around seasonally). 

Albedo patterns observed by HST which model out-
put should reproduce include:  a bright south pole in 
1988 [8, 9]); bright north and south poles in 1994 [7, 
10]; and a bright north pole in 2003 (the south pole has 
rotated out of view) [7].  

Occultations. The original HP96 model had only the 
1988 stellar occultation for comparison.  We now have 
data from occultations in 2002, 2006, 2007, 2008, 2009, 
and 2010 [11].  Although the pressures are reported for 
an altitude of 1275 km, surface pressures can be brack-
eted as in Young, 2013 [11].  Another constraint to ap-
ply is that the atmospheric pressure detected in 2006 
was 1.5 to 3 times the pressure in 1988 [12]. 

Model Runs:  The HP96 effort tested a vast ex-
panse of parameter space.  This space was narrowed 
considerably by Young [11], which guided the efforts 
reported here. Starting with the promising set of condi-
tions identified in Young [11] over 70 runs have been 
compared to the occultation pressure values to find 
conditions which reproduce the observations.  The next 
criteria applied was to reproduce the observations of 
polar caps.   The observation of a bright south polar 
region in 1988 is far more discriminative after the pres-
sue constraints are met than the observations of caps in 
1994 and a north polar cap in 2003.   Other tests in-
cluded matching the temperatures derived from IRTF 
spectra [13] and disk-integrated albedo trends. 



Model Results: We now find a rather narrow range 
of frost albedo / emissivity values that produce atmos-
pheric pressures in the range of the occultations.  High 
albedo coupled with high emissivity produces cold frost 
and atmospheric pressures that are too low.  Lower al-
bedo (e.g. 0.6) combined with low emissivity yield 
warm frost and temperatures that are too high.  The 
combination of frost albedo/emissivity that gives frost 
temperatures that produce the right pressure to match 
the occultations is just (0.8/0.55-0.6) or (0.7/0.7-0.8), 
for thermal inertias in the range of 18 to 32 J/m2-sec1/2 -
K.  When the thermal inertia is as low as 10 the frost 
albedo / emissivity range is further narrowed to 
(0.8/0.55) or (0.7/0.7).   All runs are executed with the 
surface albedo set to 0.2, surface emissivity set to 1.0, 
and most have an N2 inventory of 50 kg/m2.  If the N2 
inventory is too high the frost winds up sequestered in 
zonal bands; if the N2 inventory is too low the pressure 
is too low.   

Five cases yielded very good matches to observ-
ables. These five had thermal inertias in the 18 to 32 
J/m2-sec1/2 -K range.  The best match of all to observ-
ables however had a thermal inertia = 10 J/m2-sec1/2 -K, 

and frost albedo = 0.7, frost emissivity = 0.7, shown in 
Figure 2.  

Atmospheric pressure in 2015.  It does not appear 
that the atmosphere will collapse prior to the arrival of 
New Horizons although pressure is dropping as snow 
condenses on the south polar cap.  The range of pres-
sures predicted for 2015 for the 5 very good cases is 0.3 
to 2.5 Pa.  The best match predicts 0.14 Pa. 
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Figure 2.  Model output which best matched constraints from observables.  The line on the bottom panel shows 

the latitude of the subsolar point.  Stippled areas in this panel are covered in N2 frost.   
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Introduction: The Venetia Burney Student Dust 

Counter (SDC) is an impact dust detector onboard the 
New Horizons mission to Pluto (Figure 1). It is de-
signed to map the spatial and size distributions of inter-
planetary dust particles in order to verify the existence 
of the predicted structures in the dust disk of our own 
solar system. To date, six spacecraft have carried dust 
detectors beyond the asteroid belt: Pioneers 10 and 11 
[1], Galileo [2] Ulysses [3],  Cassini [4], and New Ho-
rizons [4]. SDC provides the first dust measurements 
beyond 18 AU. Figure 2 shows our data as of April 
2012. After the Pluto-Charon fly-by, SDC will continue 
to measure dust as it transits through the Edgeworth - 
Kuiper belt. These observations advance our under-
standing of the origin and evolution of our own solar 
system and allow for comparative studies of planet 
formation in dust disks around other stars. SDC is the 
only experiment to date that was designed, built, and is 
now operated by students on a deep space mission. It 
has provided an unparalleled opportunity for about 25 
students to learn about space instrumentation. SDC 
continues to involve an ever changing smaller group of 
3 students who operate the instrument and analyze the 
data, handing over their responsibility to the next ‘gen-
eration’ every few years. SDC could not have been built 
without the support of the late Dr. Tony Tuzzolino who 
first designed these types of instruments.  

In this talk we will review the scientific motivation, 
SDC and report on the observations to date. The talk 
will address our new approach to the analysis and inter-
pretation of the data. We will conclude with a summary 
of our expectations for the SDC observations during the 
Pluto encounter, and for the years to follow ecploring  
the Edgeworth - Kuiper belt. 
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Figure 1. SDC during thermal testing. The detectors 
have a total of 0.1 m2 of sensitive area. There are two 
additional sensors attached to the back to monitor noise 
events. SDC was designed to measure the mass of in-
terplanetary dust particles in the range of 10-12 to 10-9 g. 
Impacts of bigger dust particles are registered without 
the ability to determine their mass. SDC weighs 1.6 kg 
and consumes 5.1 watts of average power. 

 
 

 
Figure 2. SDC measurements of the dust flux (m >10-12 g) 
through April 2012. The continuous line represents a 
model prediction out to the Pluto encounter at 33 AU 
based on SDC and Pioneer 10 data  taken between approx-
imately 5 and 18 AU [5,6]. 
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Introduction:  A central axiom of planetary 

exploration is that you will be surprised by what you 
see when you get there, particularly with respect to 
surface landforms and processes. This will likely be 
doubly true for the Pluto system given its unique orbital 
configuration and multiple satellites. Nonetheless, our 
observations of other Solar System objects and known 
properties of surface components suggests a variety of 
possible exogenic and endogenic processes. This 
presentation presents several related quantitative and 
semi-empirical relationship and expressions for various 
geological processes under various scenarios of the 
major surface modifying processes.  Processes that can 
be modeled include impact cratering, lava flow 
emplacement, aeolian erosion and deposition, 
weathering, mass wasting, volatile sublimation and 
precipitation, and fluvial erosion and sedimentation 
(which at this point cannot be completely ruled 
out).  These processes are quantitatively incorporated in 
a spatially explicit simulation modeling framework that 
can be extended to landforms observed within the Pluto 
system [1-4] 

Volatile Sublimation and Precipitation:  The 
extreme eccentricity of Pluto’s orbit, coupled with the 
high obliquity, a thin atmosphere, and ices of nitrogen, 
methane and carbon monoxide indicate that volatile 
transfer between atmosphere and surface is an 
important process.  Indeed, Pluto has been observed to 
have brightened in the North Polar region and darken in 
the southern hemisphere on decadal timescales.  Pluto 
has recently completed its closest approach to the Sun, 
so that we should observe the waning stages of strong 
volatile exchanges.  A wide variety of landforms are 
produced by sublimation and precipitation in response 
to solar heating on Solar System objects [5].  During 
sublimation initially flat surfaces often become pitted  
by sunlight focusing into depressions producing 
penitentes [6] and accumulation of released dust 
accumulating in pits or on ridges producing suncups [5, 
7], although rapid movement of the subsolar point may 
preclude their development.     At high latitudes 
sublimation under oblique lighting can cause 
backwasting of volatile-rich equator-facing slopes and 
less ablation or ice accumulation on flat or pole-facing 
slopes.  This process can be accentuated by 
accumulation of dust within the ice on the surface, 
lowering the albedo.  The Martian polar troughs in the 
perrennial ice cap, the swiss-cheese terrain of the south 
polar CO2 cap, and the scalloped terrain are examples 

[8-13].  However, given the high obliquity of Pluto, the 
absence of consistent illumination may disallow 
formation of large scarps.  

Seasonal accumulations of ices may be largely 
transparent, allowing solar light to warm underlying, 
lower albedo materials, permitting volatilization of the 
ice cover from below, a solid-state greenhouse.  The 
released gasses can locally break through the ice cover, 
producing gas geysers. The subsurface velocities 
converging to the vent can erode the subsurface and 
venting particulates that can form surface streaks.  The 
“spiders” on the Martian south polar cap from CO2 
outgassing are an example [14-16] as are the N2 geysers 
on Triton  [17]. 

Sublimation and volatile deposition can be 
combined with additional processes to produce 
distinctive landforms.  The distinctive “honeycomb” 
terrain on Hyperion appears to result a modification of 
an initially cratered surface due to sublimation of dust-
rich bedrock coupled with downslope mass wasting 
[18].  A slightly more complicated scenario occurs on 
Callisto in that H2O ice liberated from dust-rich 
bedrock exposed on crater walls by thermal radiation 
from dark dust accumulations subsequently 
accumulates on high points (e.g., crater rims) as thick 
deposits of ice [3, 19] (Fig. 1). 

A characteristic of several of these sublimation 
processes is the threshold behavior induced by dust 
incorporated in ices.  The high albedo of pure ices 
discourages sublimation and encourages deposition.  A 
thin dark-albedo dust cover liberated during 
sublimation enhances sublimation rates and discourages 
deposition. This leads to the strong albedo contrasts, 
e.g., on Iapetus [20]. However, accumulated dust will 
eventually become an insulating cover if not removed 
by mass wasting or, on Mars, by aeolian erosion.  

Mass Wasting: Mass wasting is downslope bulk 
transport under the influence of gravity. Slow 
downslope movement produced by the cumulative 
effect of small near-surface disturbances on loose 
debris occurs nearly ubiquitously on planetary surfaces, 
including asteroids.  On small objects the diminished 
force of gravity is compensated by the smaller forces 
needed to move particles.  The disturbing forces can 
include the direct influence of large to micrometeoritec 
impacts, indirect effect of impacts due to seismic 
energy, thermal cycling, and possibly electrostatic 
forces [21, 22]. Creep is a diffusive process, reducing 
relief and rounding sharp surfaces.  Larger mass 



wasting events include slumps, landslides, and 
avalanches, and mostly require steep slopes and strong 
relief.  Interior rims of larger impact craters nearly 
universally exhibit slumping and occasionally larger 
landslides. 

Aeolian Processes: If Pluto (or Charon) ever had a 
transient dense atmosphere, aeolian bedforms may have 
been created.  Even with a thin atmosphere, as at 
present, dust ejected into the atmosphere by gas geysers 
or impacts may be atmospherically transported and 
preferentially deposited, e.g., in association with 
volatile precipitation. 

Impact cratering:  The default planetary surface 
unaffected by subsequent endogenic or exogenic 
processes is one saturated by impacts.  The presence of 
Charon and several smaller satellites in orbit around 
Pluto suggests that impact cratering has likely strongly 
affected Pluto, possibly generating the addendant 
satellites by a major collision of proto-Pluto by a 
similar sized-object (e.g. [23]).   

Endogenic Processes: Pluto, like Triton, could 
possibly have been resurfaced at least locally by 
endogenic processes. In addition tensional (graben) and 
compressional (wrinkle-ridge) deformation, cryogenic 
volcanism might have modified the surface, as in Fig. 2. 
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Fig. 1.  Simulated landscape on Callisto [3]. Purple is 

dust-covered surface, yellow is exposure of dusty ice bedrock, 
blue is deposits of water ice on upland areas, mostly crater 
rims. 

 
Fig. 2. Simulated cryovolcanic inundation of a cratered 

landscape. (a) by viscous flows producing edifice; (b) by less 
viscous flows from multiple sources. 
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Introduction:  The Ralph instrument on the Pluto-

bound New Horizons spacecraft is a spectral imager 
with a single telescope and two focal planes: MVIC 
(Multi-spectral Visible Imaging Camera) and LEISA 
(Linear Etalon Imaging Spectral Array) [1]. MVIC uses 
seven separate CCD arrays, with a resolution of 19.8 
µrad/pixel, to cover from near-infrared to visible wave-
lengths. Three of the detectors are panchromatic (400 to 
975 nm), whilst the remaining four have filters to nar-
row down the wavelengths detected: blue (400 to 550 
nm), red (540 to 700 nm), near-infrared (780 to 975) 
and a methane band filter (860 to 910 nm). All of the 
filtered and two of the panchromatic CCDs are 5024x32 
pixel array operated in a Time Delay and Integrate 
(TDI) mode. In this mode the total signal to noise of an 
image is increased by coadding the signal as the image 
moves across each of the 32 pixels in the scan direction. 
The final detector array is a 5024x128 pixel panchro-
matic Frame Transfer (FT Pan) detector, which takes a 
single image but prior to readout transfers the whole 
image to a shielded CCD. This FT Pan, due to its larger 
field of view and simpler operational mode, is the focus 
of this preliminary study into the calibration of the im-
age quality (PSF/Point Spread Function) calibration of 
the MVIC instrument. 

Calibration Process: To minimize smearing short 
exposure images are used in this calibration (0.5 – 1 s). 
Twenty five short exposure MVIC FT Pan image cubes, 
corrected for flat field and geometric distortion, are 
currently available; of these five images have stars 
above the sky noise level observed in consecutive im-
ages (stars that fulfill this criteria are henceforth known 
as confirmed stars).  Details of the calibration images 
are given in Table 1.  
Image cube identifier 

(mpf_filename_0x539

) 

Date and mid-

observation time 

(UTC) 

Exposure 

Time (s) 

#   

Images 

Image 

Ra/Dec 

(°) 

#   

Stars 

0086353134 15 Oct 2008 

05:07:07 

1.0 3 267/-33 7 

0086420815 15 Oct 2008 

23:55:11 

0.5 6 346/-7 6 

0139570615 23 June 2010 

03:45:10 

0.5 6 2/-1 8 

0139808935 25 June 2010 

21:57:10 

1.0 5 2/-1 55 

0200906425 2 June 2012 

01:28:34 

1.0 2 270/-15 125 

Table 1 – MVIC FT Pan images used for calibration. 

The center location of each confirmed star was de-
termined by fitting them to a 2-D Gaussian, whose cen-
ter was assumed to be the star location. For each con-
firmed star the FWHM was determined using M. Buie’s 
IDL basphote routine [2]. The background sky value 
was set to 25±3 DN/pixel and a range of reasonable 
aperture radii (0.5 to 3 pixels) were iterated over to 
provide the FWHM error estimate.  

Preliminary Results: Figure 1 shows how the 
FWHM is observed to vary with position on the detec-
tor array, for all confirmed stars in all of the images. It 
shows no discrete area on the detector has notably 
higher FWHMs. Figure 2 shows the FWHM of each 
confirmed star, in each image, along with its associated 
error value. The mean FWHM is 1.36±0.61 pixels, 
which agrees with pre-launch values [1]. Next steps are 
to repeat this exercise for the other six MVIC channels 

 
Figure 1 – FWHM of all confirmed stars as a function of 

location in the detector array. 

 
Figure 2 – FWHM and associated error of all confirmed 

stars in all images. 
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Introduction:  The data returned by New Horizons 

instruments will reveal new details of chemical compo-
sition for the Pluto system.  Laboratory measurements 
will play an important role in the interpretation of such 
data,  just as they have going back to at least the origi-
nal detections of solid methane (CH4) by Pilcher et al. 
[1].  Since ionizing radiation will influence the compo-
sition of Pluto’s surface, laboratory studies of radiation 
chemical effects also are of interest [2,3].    

New Work: Our research group recently has initiat-
ed three separate projects related to frozen CH4 and 
other ices relevant to Pluto, and in the process we have 
uncovered a few surprises.  Here we highlight three 
areas, all concerning frozen CH4. 

1. Infrared spectroscopy of low-temperature ices.  
New mid- and near-IR spectra are being recorded at 
temperatures under 50 K.  As an example of our new 
data, the figure below shows near-IR spectral changes 
of CH4 that have been described in the literature, but 
seldom shown with this clarity.  All such spectra may 
be important for understanding Kuiper-Belt chemistry, 
yet much less is known about the data for frozen CH4 at 
the lower temperatures as compared to the spectra for 
higher-temperature ices [4].  In most cases, peak 
absorptivities and optical constants (n, k) are either un-
known or available only in selected regions, and not in 
an electronic format, a situation we intend to remedy.  
Interestingly, and in contrast to the usual trend, we find 
that some our newest IR measurements agree best with 
some of the oldest work in the literature and somewhat 
less so with work published during the past 20 years. 

 
Figure 1.  A sequence of near-IR spectra showing 
the reversibility of solid-phase conversions of crys-
talline CH4 with temperature.  The sample shown 
was prepared by slowly freezing CH4 gas at 30 K.   
 

2. Radiation effects on low-temperature ices.  We 
also have reinvestigated the influence of ionizing radia-
tion on the physical state (phase) and chemistry of me-
thane ices.  Nearly all such measurements in the past 
have been made with the goal of understanding inter-
stellar ices, which are much lower in temperature than 
Pluto’s surface.  Accordingly, in our new work we have 
focused on chemical and physical changes of frozen 
CH4 at temperatures more applicable to the Pluto sys-
tem.  

3. Vacuum-uv spectroscopy of ices.  Our third new 
project concerns a spectral region often neglected by 
laboratory astrochemists, the vacuum ultraviolet.  New 
measurements are in progress for CH4 and other Pluto 
ices with a focus on the 115 – 240 nm region.  Spectra 
are recorded as a function of temperature and ice com-
position, and optical constants are calculated. 

 

 
 
Figure 2.  Equipment used in our laboratory for 
studying the far-uv spectra and optical constants of 
CH4 and other ices.  
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Introduction:  The study of the evolution of Pluto’s 
atmosphere is tantalizing because it has the potential to 
inform our understanding of the formation and evolu-
tion of the solar nebula and other solar system atmos-
pheres. Pluto’s atmosphere is known to be predomi-
nantly composed of N2 gas, and the measurement of the 
15N/14N ratio within Pluto’s atmosphere is a critical 
parameter needed for investigating Pluto’s atmospheric 
evolution.  

Absorption Cross-section Data:  The most 
straightforward way of determining the 15N/14N ratio in 
Pluto’s atmosphere is via spectroscopic observation of 
the 14N15N gas species. Recently, the 85-90 nm absorp-
tion behavior of the 14N2 and 14N15N isotopologues has 
been calculated [1-4] Though the peak magnitudes of 
the 14N2 and 14N15N absorption bandheads are similar, 
the wavelength of the peak 14N15N and 14N2 bandheads 
are offset. Thus, there are multiple wavelengths where 
the magnitude of the 14N15N absorption cross-section is 
significantly larger than that of the 14N2 species (Fig. 1). 
Consequently, the depth of absorption achievable at 
these wavelengths is higher for an atmospheric model 
that includes both the 14N2 and 14N15N species than one 
that does not— and detection of the 14N15N species 
should be possible for a specific range of 14N15N con-
centrations, provided the spectral resolution of the ob-
servations is smaller than the 4.5-5Å wide N2 isoto-
pologue absorption bands.   

 
 
 
 
 
 
 
 
 

 
 
 
 
 
Atmospheric Model: We use the most recent N2 

isotopologue calculations [1] and the atmospheric den-
sity profiles resulting from photochemical models de-
veloped by Krasnopolsky and Cruikshank [5] to predict 

Pluto’s transmission signature per altitude. We charac-
terize the detectability of the isotopic absorption signa-
ture per altitude assuming 14N15N concentrations rang-
ing from 0.1 to 2% of the 14N2 density and instrumental 
spectral resolutions ranging from 0.5 to 3 Å.  

Predictions:  The New Horizons Mission will be 
able to obtain high S/N, 2.7-3.5 Å FWHM 84-100 nm 
spectral observations of Pluto using the ALICE spec-
trograph [6]. Our calculations indicate that for an ob-
servation with 3 Å spectral resolution, optical depth of 
unity is attained at ~1100-1300 km for most of the key 
14N15N absorption bands. Based on our model of the 
atmospheric transmittance per altitude and the specifi-
cations of the NH/ALICE instrument we predict that the 
S/N obtainable by ALICE at 1100-1300 km within the 
key 14N15N bands is ~18-22.  We presume the percent 
error in the observed spectrum per wavelength must be 
a minimum of 25% lower than the increase in absorp-
tion expected at the wavelength of the isotope bands. In 
this case, NH will be able to successfully detect 14N15N 
in Pluto’s atmosphere if the 14N15N gas density is suffi-
cient to produce an absorption depth ~7% or more 
greater than the absorption depth attainable if 14N2 is the 
only N2 isotopologue present in the atmosphere.  Our 
calculations indicate that this level of absorption should 
be recorded in 3 Å spectral observations of Pluto’s at-
mosphere at the τ =1 level of the atmosphere if the 
15N14N concentration is ~ 0.65% or greater. Thus, even 
the lack of 14N15N detection would place a firm upper 
limit on the 15N/14N ratio within Pluto’s atmosphere.  
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Fig. 1 14N2 (black) and 14N15N (red) absorption crossection 
calculated at 0.1 Å sampling (left) and convolved to 3.0 
FWHM spectral resolution (right). 
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A. Johansen1, 1Lund University, Box 43, 22100 Lund, Sweden (e-mail anders@astro.lu.se). 
 

The formation of km-sized planetesimals from 
smaller cm-dm sized pebbles faces major difficulties in 
the traditional coagulation scenario [1]. Such particles 
do not stick well and very quickly drift towards the star 
to sublimate in the inner nebula [2]. I will present an 
alternative scenario where overdense regions of parti-
cles collapse under their own gravity to form massive 
1000-km-scale planetesimals [3,4]. The overdensities 
are seeded by hydrodynamical streaming instabilities 
arising in the coupled motion of gas and particles. New 
computer simulations that include particle collisions 
show the perseverance of planetesimal formation by 
this route [5]. Planetesimal masses are relatively inde-
pendent of the computational resolution and the simula-
tions reveal a characteristic planetesimal size that in-
creases with distance from the sun. The resulting 
planetesimal sizes agree well with the observed largest 
bodies residing in the asteroid and Kuiper belts. The 
time-scale for forming even the largest Kuiper belt ob-
jects by this route is dominated by the formation time of 
the pebbles; the concentration and contraction phases 
take less than 1000 years. 

 
I will critically compare the streaming instability 

scenario with the traditional coagulation scenario for 
the formation of Kuiper belt objects [6]. 
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Introduction:  We present recent results from the new-
ly established W.M. Keck Research Laboratory in As-
trochemistry regarding the formation of high molecular 
weight (~ C22) hydrocarbons starting from pure simple 
hydrocarbons ices upon interaction of these ices with 
ionizing radiation; methane (CH4), ethane (C2H6), pro-
pane (C3H8) and n-butane (C4H10).  Specifically, we 
have utilized for the very first time a novel application 
of reflection time-of-flight mass spectrometry (ReTOF) 
coupled with soft vacuum ultraviolet photoionization to 
observe the nature of high mass hydrocarbons as a 
function of their respective sublimation temperature.  
The Kuiper Belt is estimated to consist of over 70,000 
icy bodies which extend beyond the orbit of Neptune at 
30 AU. Furthermore, simple hydrocarbons such as me-
thane and ethane have been detected on the surfaces of 
these icy bodies. In particular, evidence of pure me-
thane has been detected on the surfaces of Eris[1], Qua-
oar[2], and Pluto[3] along with ethane being tentatively 
assigned on Quaoar, Pluto, and Orcus[2]. The surfaces 
of these bodies have undergone 4.5 Gyr of chemical 
processing due to ionizing radiation from the solar wind 
and Galactic Cosmic Radiation.  Our research has been 
focused on trying to understand how these ices have 
evolved over the age of our solar system by simulating 
the chemical processing via ionizing radiation (keV H+, 
He++ and Lyman-α photons) in an ultrahigh vacuum 
chamber coupled with a variety of optical analytical 
spectroscopies (FT-IR, Raman, and UV-Vis) along with 
gas phase mass spectroscopy.  In particular, results 
from ReTOF spectroscopy of the subliming products 
synthesized from the energetic processing of amor-
phous methane ice indicate that over 50 molecules with 
distinct m/z ratios and sublimation temperatures are 
formed easily under conditions relevant to the outer 
solar system environment.  Despite, the numerous pre-
vious experimental investigations probing the effect of 
ionizing radiation on simple hydrocarbon astrophysical 
ice analogs, our results suggest that there is still a vast 
unknown molecular composition formed upon exposure 
of these ices to ionizing radiation. 

 
 

 
 
 
 

 
 
Reflection Time-of-Flight spectrum as a function of 
temperature of the newly formed hydrocarbon species 
from the energetic processing of a pure amorphous me-
thane ice taken at a photoionization energy of 10.5 eV. 
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DYNAMICAL SIMULATIONS OF THE DEBRIS DUST ENVIRONMENT OF THE PLUTO SYSTEM
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Introduction: On January 19, 2006, the New Hori-
zons spacecraft was launched from Cape Canaveral
Air Force Station in Florida towards its rendezvous
with the Pluto system.  Its closest approach to Pluto is
projected to occur on July 14, 2015. In addition to
Charon, four smaller moons of Pluto have been dis-
covered to date: Nix, Hydra, P4 and P5.  The pres-
ence of these additional small moons has raised con-
cern about the possibility of rings or other debris
structures that can pose impact hazards to New Hori-
zons.

Synopsis: In this report we describe numerical simu-
lations of the dynamical structure of the debris dust
environment of the Pluto system as one part of efforts
to understand where hazards may lie at Pluto.  We
model the dust as particles of mass 3x10-4 g and den-
sity 1 g/cm3 (the smallest, but likely most prevalent,
particle that would be lethal to New Horizons). We
dynamically evolve the Pluto system members and
dust particle ensembles using the RMVS3 integrator
[1], modified to include radiation pressure and P-R
drag, and remove particles from the integrations if
they escape the system or are accreted by a system
member. The Sun is explicitly included in the simu-
lations in order to model the effects of solar tides.
We report the results of two classes of simulations:
(a) systematic explorations of the full orbital element
parameter space available to the dust particles, and
(b) models of dust particle ensembles ejected from
the smaller moons of the Pluto system.
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Abstract:  Motivated by the New Horizons mission, 

we consider how Pluto's small satellites - currently P5, 
Nix, P4, and Hydra - grow in debris from the giant im-
pact that forms the Pluto-Charon binary or in solid ma-
terial captured from the protoplanetary debris disk. If 
the satellites have masses close to their minimum 
masses, our analysis suggests that capture of material 
into a circumplanetary or circumbinary debris disk is a 
viable mechanism for satellite formation. If the satel-
lites are more massive, they probably form in debris 
from the giant impact. After the impact, Pluto and 
Charon accrete some of the debris and eject the rest 
from the binary orbit. During the ejection, high velocity 
collisions among debris particles produce a collisional 
cascade, leading to the ejection of some debris from the 
system and enabling the remaining debris particles to 
find stable orbits around the binary. Our numerical 
simulations of viscous diffusion, coagulation, and mi-
gration show that collisional evolution within a ring or 
disk of debris leads to a few small satellites orbiting 
Pluto-Charon. These simulations are the first to demon-
strate migration-induced mergers within a particle disk. 
The final satellite masses correlate with the initial disk 
mass. More massive disks tend to produce fewer satel-
lites. For the current properties of the satellites, our 
results strongly favor initial debris masses of 3-10 x 
1019 g and current satellite albedos A = 0.4-1. We also 
predict an ensemble of smaller satellites with radii of 1-
3 km or less and very small particles with radii of 1-100 
cm and optical depth τ < 10-10. These objects should 
have semimajor axes outside the current orbit of Hydra. 

Methods:  To explore satellite formation in the 
Pluto-Charon system, we derive simple analytic esti-
mates for the evolution of debris and then examine re-
sults from several types of numerical simulations. For 
the formation and migration of satellites in a circumbi-
nary disk of particles, we use our hybrid coagulation + 
n-body code Orchestra [1,2].  To investigate the radial 
evolution of particles in a disk around an expanding 
binary, we develop a new diffusion code within Orches-
tra [3].  Currently, we consider diffusion, satellite 
growth, and satellite migration in distinct calculations. 
In the future, we plan to treat these processes in a single 
calculation.  

Results: Our analytic results favor satellite forma-
tion in debris from a giant impact. Capturing debris 
from collisions of primordial KBOs in the Hill sphere 

of Pluto-Charon appears to be too inefficient. Once 
Pluto-Charon is surrounded by a disk of debris, satellite 
formation occurs on time scales of 103 to 105 yr. Satel-
lites form more rapidly closer to the binary.  

Figure: Predicted system configuration for the 
Pluto–Charon system. The Pluto–Charon binary (repre-
sented by the two largest white disks), the four small 
satellites – P5, Nix, P4, and Hydra (represented by the 
four small white disks), and three smaller satellites 
(represented by the green disks) lie within an extended 
ensemble of solid particles shown as small blue dots. 
This configuration is the result after twenty years of a 
computer simulation with two million massless tracer 
particles surrounding the known and predicted moons. 
On this short time scale, the small satellites clear out 
most of the tracers along their orbits. On much longer 
time scales, satellites will clear tracers from a larger 
fraction of their orbits. 
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Introduction: Recent work by authors such as 

Strobel [1] and  Erwin et al. [2] have established at-
mospheric escape of N2 molecules with a flux of 
~2x1027 molecules/sec. 

The present work attempts to characterize the be-
havior of the fastest molecules escaping from the at-
mosphere under the combined influence of Pluto and 
Charon. It differs from previous work in that it uses a 
rotating frame and hence structure among the escaping 
particles is visible [3].  

Model Formation:  As the focus of this work is the 
contribution of the fastest particles in the outermost 
region of the atmosphere, a free-molecular model is 
used with a rotating continuum solid-body model for 
the inner atmosphere. 

Because the eccentricity of the Pluto-Charon orbit is 
small [4], we approximate the Charon orbit around 
Pluto as a circle. When fixing the frame of reference to 
rotate with Pluto’s surface, the fact that Pluto and Char-
on are tidally locked implies that Pluto and Charon ap-
pear fixed in space. 

Velocity Variation Results: The particles are ini-
tialized at the exobase at a uniformly random position 
with a radial velocity and uniform speed (as viewed in 
the Pluto-fixed frame). At low initial velocities, some 
particles are thrown outwards and some might escape, 
but the majority remains bound and increase the density 
field between the planets. 

 
Unsteady density field at one instant in the orbital 

plane for 85% of the system escape velocity.  
Notice: All images are in a Pluto-fixed reference system 

However, if we increase the velocity and assume a 
steady supply of particles from the exosphere then we 
find the single-velocity particles form a forked tail at 
steady state in the orbital plane. 

 
Steady density field in the orbital plane 

As the velocity increases, the tail becomes narrow-
er, weaker and peaks farther from Charon. 

Single-Velocity Tail Formation:  The formation of 
this tail is due to the disturbance of Charon on the mo-
lecular trajectories. When viewed as a wave of posi-
tions at some time after being released from the exo-
base, the trajectories appear to be a spherical shell. 

 

 

 
Illustration of tail formation from trajectories 

Tail Shape: Particle paths cross as they pass Char-
on and this causes out-of-plane spreading. The crossing 
creates a region of high density immediately following 
Charon and the spreading and differences in the trajec-
tories passing close to Charon implies creates a dia-
mond shape. 
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Shell passing Charon 
is partially sped up and 
partially slowed down 

Hourglass structure is 
preserved by the escap-
ing particles. 

V=Vesc V=1.15 Vesc 



 
Single velocity (V=Vesc) tail viewed perpendicular to 
the plane of orbit and formation of diamond pattern 

Notice that the forked shape tail seen in the orbital 
plane corresponds to the top and bottom in the diamond 
and causes a concentration of density in the plane of 
orbit—not only will other velocity classes share the 
same space but there are two tails per velocity class in 
the orbital plane. 

Steady System Results: To visualize a composition 
of velocity classes, particles are generated uniformly 
over the surface of the exobase of Pluto with a velocity 
distribution obeying a Maxwellian distribution in speed 
and direction. The result is a continuous tail of elevated 
density following Charon. When examining the density 
above or below the orbital plane, the tail is preserved 
but becomes weaker with distance: 

 
Steady density field in four places parallel to the orbital 

plane with Maxwellian speeds from Vesc to 5Vesc 

Examining the plane perpendicular to the orbital 
plane, it is clear that the tail is a disturbed region sur-
rounding the orbital plane but the disturbance is peaked 
and much taller than wide. 

 
Steady density field perpendicular to the orbital plane. 
With displacements from the Plane Containing Pluto 

(PCP) 
As is clear, Charon has an effect on the structure 

formed by escaping particles. It is worth reiterating, 
however, that this structure will rotate with the system 
so if the system is imaged in an inertial frame for mul-
tiple rotations then the structure will vanish and be re-
placed with a rotationally-symmetric outer atmosphere. 

References: [1] D. F. Strobel (2008), Icarus, 193, 
612-619. [2] J. Erwin, O. J. Tucker, and R. E. Johnson 
(2012) , arXiv, 1211.3994. [3] O. J. Tucker, J. T. Erwin, 
J. I. Deighan, A. N. Volkov, R. E. Johnson (2012), Ica-
rus, 217, 408-415. [4] Williams, D. R. 
nssdc.gsfc.nasa.gov. 
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PLUTO’S PHOTOCHEMISTRY: COMPARISON WITH TRITON AND TITAN. 
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Introduction:  There are three bodies with N2/CH4 

atmospheres in the Solar System: Titan, Triton, and 
Pluto. However, Titan’s atmosphere exceeds that of the 
Earth while those of Triton and Pluto are of a few tens 
μbars. This huge difference is caused by the position of 
Titan at 10 AU with the surface temperature TS = 94 K 
and almost all N2 and CH4 in the gas phase. Triton and 
Pluto are at 30 AU with TS ≈ 40 K, and their tiny at-
mospheres are in equilibrium with ices of these species. 
If Titan could be moved to 30 AU, its atmosphere 
would have been similar to those of Triton and Pluto. 
Titan and Triton have been studied by spacecraft; some 
lessons from their studies may be helpful for Pluto.    

Parent Species (N2, CH4, and CO):  Recently ob-
served abundances of CH4 and CO are compared with 
those adopted in photochemical models in Table 1. 
Overall, the agreement is good and the model assump-
tions are reasonable. 

Table 1. 

 
Major Differences in Observational Data for Ti-

tan and Triton: Table 2. 
Table 2. Some observed data for Titan and Triton        . 
 CH4  emax  [N]max   . 
Titan 1.5%  3000  105 
Triton 10-4  3×104  5×108   . 

 In spite of the large heliocentric distance, the iono-
sphere of Triton is more prominent than on Titan, and 
atomic nitrogen is more abundant by four orders of 
magnitude. This is caused by the low CH4 on Triton. 

Major Differences in Photochemistry:  Column 
photolysis rate of methane is equal to the solar photon 
flux at Lyman-alpha and does not depend on CH4 mix-
ing ratio. Therefore the photolysis weakly affects the 
CH4 mole fractions on Titan and Pluto (CH4 ≈ 1%) and 
strongly depletes it on Triton (CH4 ≈ 0.01%). 

Because of the low CH4 on Triton, production of 
hydrocarbons and nitriles occurs below 100 km. For the 
same reason the methane thermostat does not work on 

Triton, and its lower atmosphere is very cold. Therefore 
the basic photochemical products are removed by con-
densation. 

Production of N by photon and photoelectron disso-
ciation and dissociative ionization of N2 and recombi-
nation of N2

+ occurs in the upper atmosphere of Triton 
with no loss in reactions with hydrocarbons and nitriles. 
The abundant N atoms either escape or diffuse down to 
100-150 km. Atomic composition of Triton’s thermo-
sphere results in atomic ions C+ and N+ with very slow 
radiative recombination and the dense F-type iono-
sphere. 

The low methane on Tritone stimulates indirect 
photolysis of N2 and production of HCN in the lower 
atmosphere via 

CH + N2 + N2 → HCN2 + N2 
HCN2 + hν → CH + N2 
HCN2 + H → HCN + NH 
NH + H → N + H2 
Net CH + N2 + 2H → HCN + N + H2. 
This cycle is confirmed by detection of HCN in ice 

on Triton and its lack on Pluto. 
Basic Features of Pluto’s Photochemical Model 

(KC99):  (1) This is a self-consistent model of coupled 
neutral and ion chemistry and includes the ionosphere 
up to r = 3500 km; (2) only N2, CH4, and CO are fixed 
at thelower boundary r = 1200 km; (3) the model simu-
lates a slow hydrodynamic escape in the atmosphere; 
(4) the model involves 191 reactions of 44 neutral and 
23 ion species and (5) effects of cosmic rays and escape 
of ions. Two versions of the model were calculated. 
Vertical profiles of basic hydrocarbons and H2 from the 
model are shown in the figure. 

 
References:  Krasnopolsky V.A., Cruikshank D.P., 
1995, JGR 100, 21271;1999, JGR 104, 21979; Lellouch 
E. et al. 2009, AA 495, L17; 2011, AA 512, L8. 



Realizing	  an	  Elusive	  Goal:	  The	  exploration	  of	  Pluto	  with	  New	  
Horizons	  
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The	  quest	  for	  completing	  the	  reconnaissance	  of	  	  all	  nine	  planets	  of	  the	  solar	  system	  
had	   been	   a	   recurring	   recommendation	   of	   	   advisory	   committees	   since	   the	   mid-‐
seventies	   of	   both,	   the	   Space	   Science	   Board	   (SSB)	   of	   the	   Academy	   and	   of	   	   	   NASA	  
panels	  such	  as	  SSAAC/Solar	  System	  Exploration	  Subcommittee.	  The	  first	  attempt	  to	  
define	  a	  program	  for	  flying	  by	  Pluto	  was	  made	  in	  the	  late	  seventies	  through	  a	  NASA	  
AO	   soliciting	   proposals	   for	   a	   Voyager-‐type	   mission	   named	   MJP	   (Mariner-‐Jupiter-‐
Pluto)	  that	  were	  never	  evaluated	  due	  to	  cancellation	  of	  the	  program	  for	  budgetary	  
reasons	   (a	   familiar	   process,	   as	   it	   was	   repeated	   often	   in	   later	   years).	   	   The	   era	   of	  
miniaturization	  begun	  by	  Mr.	  Goldin	  as	  NASA	  Administrator	  resulted	   in	  assertions	  
that	  small	  spacecraft	  (~	  25	  kg)	  with	  tiny	  payloads	  (5	  kg)	  could	  actually	  enable	  the	  
acquisition	  of	   significant	  data	   from	  a	  Pluto	   flyby.	   	  By	   the	   late	  90s,	  however,	   it	  had	  
become	  clear	  that	  such	  efforts	  were	  unlikely	  to	  succeed	  soon,	  so	  more	  conventional	  
approaches	  were	  being	  pursued.	  	  The	  horrific	  cost	  overruns	  of	  the	  	  so-‐called	  X-‐2000	  
spacecraft	   bus	   that	   was	   expected	   to	   accommodate	   three	   missions-‐Pluto-‐Kuiper	  
Express,	   Europa	   Orbiter,	   and	   Solar	   Probe-‐caused	   the	   cancellation	   of	   Pluto-‐Kuiper	  
Express	  in	  the	  Fall	  of	  2000.	  The	  resulting	  outcry	  caused	  NASA	  headquarters	  to	  look	  
for	  alternatives	  and	  led	  to	  an	  AO	  in	  December	  of	  that	  year	  for	  a	  competed	  mission	  
with	  a	  $500	  million	  cost	  cap.	  	  New	  Horizons	  won	  the	  competition,	  but	  the	  new	  Bush	  
administration	   canceled	   the	   project.	   Congressional	   pressure,	   however,	   forced	  
implementation	   of	   the	   Phase-‐A	   study,	   and	   eventually	   led	   to	   the	   acceptance	   of	   the	  
project	  by	  NASA	  as	   the	   first	  of	  a	  new	  series	  of	   	   «Discovery	  Plus»	  missions,	  named	  
New	   Frontiers.	   	   Thus,	   the	   decades-‐long	   effort	   to	   initiate	   a	   probe	   to	   the	   last	  
unexplored	  planet	  	  (now	  a	  nanoplanet),	  involved	  a	  contest	  of	  	  wills	  by	  individuals	  in	  
the	  science	  community,	  the	  administration	  represented	  by	  OMB	  personnel,	  and	  the	  
Congress,	  that	  in	  the	  end	  has	  benefited	  planetary	  science	  with	  a	  new	  line	  item	  in	  the	  
budget	   that	   can	   address	   more	   effectively	   new	   science	   questions	   as	   they	   arise,	  
without	  the	  agony	  of	  the	  perennial	  «new	  start».	  	  
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Introduction:   In this talk, I will review current 

knowledge on Pluto’s atmosphere and summarize some 
open questions.  

Current knowledge: Direct observations of Pluto’s 
atmosphere are available from stellar occultations and 
high-resolution infrared spectrsocopy. Established facts 
are (i) a 10-microbar class atmosphere showing evolu-
tion on year/decade timescales (ii) a N2 – dominated 
atmosphere including significant amounts of CH4 and 
probably of CO, and whose composition is controlled to 
first order by equilibrium with surface ices  (iii) a non-
isothermal thermal structure with a near-surface ~50 K 
temperature and an ~100 K temperature at the µbar 
level, mostly resulting from the heating properties of 
CH4 gas.  

Open issues: 
Beyond this gross picture, many questions are still 

unsolved or controversial, such as: 
- What are the precise mixing ratios of the minor 

species and how do they vary spatially? 
- What are the detailed physical processes con-

trolling the surface/atmosphere interactions? 
- What is the stratospheric composition ? 
- What is the thermal structure in the lower at-

mosphere? How steep is the stratospheric tem-
perature gradient? Does Pluto have a tropo-
sphere? 

- How does the thermal structure vary with lati-
tude or local time? What drives turbulence? 

- Are there hazes or clouds in Pluto’s atmos-
phere? 

- Is there any relation between the observed 
changes on the surface and the atmospheric 
evolution? 

- What are the magnitude and mechanisms for 
atmospheric escape? How extended is the es-
caping atmosphere? 
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Introduction:   Thermal lightcurves of the Pluto-

Charon system have been observed  in 1997 by ISO at 
60 and 100 µm (Lellouch et al. 2000) and more recently 
(2004, 2007, 2008) by Spitzer at 20-37 µm (IRS) and 
24, 70 and 160 µm (Lellouch et al. 2011). Thermal 
lightcurves appear generally anti-correlated with the 
optical lightcurve of the system and provide a means to 
determine thermal inertia and surface emissivities. 
Highlights of the Spitzer observations include (i) the 
observation of a clear decrease the of mean brightness 
temperatures with increasing wavelength (ii) separate 
measurements of the Pluto and Charon thermal inertias 
(iii) a hard-to-interpret evidence of a fading of the sys-
tem (by 2-3 K at 70 µm) from 2004 to 2007. 

 
Herschel observations and early results:  
Additional thermal observations of Pluto-Charon  

have been obtained in in February-March 2012 with 
Herschel, using both PACS (70, 100, and 160 µm) an  
SPIRE (250, 350 and 500 µm).  In both cases, 9 visits 
to Pluto were observed. The thermal lightcurve is de-
tected at all wavelengths, though only marginally at 500 
µm. A preliminary assessment of the data indicates that 
(i) the trend of decreasing brightness temperatures with 
increasing wavelengths continues over 70-500 µm (ii) 
the cooling of the system observed by Spitzer in 2007 is 
not confirmed.  

 
References: Lellouch et al. Icarus 147, 220 (2000); 

Lellouch et al. Icarus 214, 701 (2011) 
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Abstract 
 

The New Horizons (NH) Radio Science Experiment, REX, is designed to determine conditions 

on Pluto as manifest in the atmospheric state at the surface and a few scale heights higher. 

Expected absolute accuracies in n, p, and T at the surface are 4·10
19

 m
−3

, 0.1 Pa, and 3 K, 

respectively, obtained by radio occultation of a 4.2 cm-wavelength signal transmitted from Earth 

at 10 to 30 kW and received at the NH spacecraft. The threshold for electron density for 

detection of the ionosphere is roughly 2·10
9
 m

−3
. Radio occultation experiments are planned for 

both Pluto and Charon, but the level of accuracy is expected to be useful for the neutral gas only 

at Pluto. REX will also measure the nightside 4.2 cm-wavelength thermal emission from Pluto 

and Charon during the time NH is occulted. At Pluto, the thermal scan provides about five half-

beams across the disk; at Charon, only disk integrated values can be obtained. Two additional 

thermal scans of Pluto will be performed during closest approach, one with an equatorial 

crossing and another crossing the pole.  The equatorial scan will intercept the specular point as 

seen from Earth, and thus the bistatic scattering echo of the uplink transmission.   A combination 

of two-way tracking and occultation signals will determine the Pluto system mass to about 0.01 

percent, and improve the Pluto-Charon mass ratio. REX flight equipment augments the NH radio 

transceiver used for spacecraft communications and tracking. Implementation of REX required 

realization of a new CIC-SCIC signal processing algorithm; the REX hardware implementation 

consumes 0.33 W, and has mass of 3.5 g in 1.25 cm
3
. Commissioning tests conducted after NH 

launch demonstrate that the REX system is operating as expected.  Two Lunar Occultations with 

the NH spacecraft in 2011 and 2012 served as a stringent test of the performance and precision 

of the radio occultation method. 

 



July 2013 Meeting: The Pluto System on the Eve of Exploration by New 
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Abstract 

 
Chandra Observations of Pluto’s Escaping Atmosphere in Support of the New Horizons 

Mission 
 
C.M. Lisse (APL), R.L. McNutt (APL), T.E. Cravens (University of Kansas) 
 
Pluto is known to have an atmosphere which changes size and density with its seasons (Elliot et 
al. 2003; Elliot et al. 1989; Elliot et al. 2007) and current models of its atmosphere (McNutt 
1989; Strobel 2008; Tian & Toon 2005) formulate a majority N2 atmosphere with scale height 
~3000 km and free escape of ~1028 mol/sec (Erwin et al. 2012, Tucker et al. 2012). This is very 
similar to the physical situation of a JFC comet observed by Chandra at 1 AU (Lisse et al. 2001, 
2005, 2007, 2013; Bodewits et al. 2007; Wolk et al. 2009; Christian et al. 2010). In many ways 
Pluto and its atmosphere may be behaving like a very large comet (Bagenal et al. 1997; Bagenal 
& McNutt 1989; Delamere & Bagenal 2004), quite consistent with the physical picture of KBOs 
as the parents of the inner system Centaurs and Jupiter Family Comets.  
 
Current models of Pluto's extended atmosphere (thought to be dominated by N2 and CH4) are still 
very uncertain (McComas et al. 2008) leading to difficulties in optimizing the in situ New 
Horizons (NH) observation plan. Applying the knowledge gained by studying cometary X-ray 
emission, Chandra ACIS-S photometric imaging of X-rays produced by charge exchange between 
the solar wind and Pluto’s atmosphere (McNutt et al. 2008) can address both the run of 
atmospheric density with distance from Pluto and the interaction of the solar wind with the 
extended Plutonian atmosphere. Pinning down the atmosphere's extent and exact amount of free 
molecular escape can corroborate the exospheric emission measurements of the NH ALICE 
instrument (Stern et al. 2008), while determining the x-ray luminosity will help the NH PEPSSI 
instrument (McNutt, et al. 2008) determine the solar wind particle environment at Pluto, and the 
ultimate fate of escaping gas, i.e. by charge exchange with the solar wind or photoionization from 
solar UV radiation. 
 
The major concern with a Chandra Pluto observation is the distance of Pluto from Chandra and 
the strength of the solar wind at Pluto. While the solar wind strength decreases by ~1/332, 
Chandra's 0.5" pixels are 332 larger, about 12,000 km on a side. The neutral gas escaping from 
Pluto should extend ~33 times farther out from the planet as compared to the gas emitted by a 
comet nucleus at 1 AU from the Sun, and the total amount of X-ray emission should be the same 
as detected for a medium bright JFC comet by Chandra (e.g. 2P/Encke, Lisse et al. 2005, or 
9P/Tempel 1, Lisse et al. 2007). The expected total ACIS-S count rate for Pluto is on the order of 
0.001 cps. Thus the major concern with observing Pluto is that any local heliospheric or 
instrumental backgrounds could possibly dominate the observed X-ray signal.  
 
However, the potential benefit of such an observation to the NH mission and Pluto science is 
large. As there is one Chandra Guest Observer (GO) cycle available during NH cruise, and the 
next available during the NH flyby, a prudent use of Chandra is a small, test-pilot observation of 
the Pluto system in Cycle 15 to verify the potential of Chandra observations, followed up in 
Cycle 16 by detailed monitoring of the system during the week around NH closest flyby in July 
2015 if there is a positive detection in the Cycle 15 observation. 
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Introduction:  Large-scale tectonic deformation in 

icy shells can manifest itself as fractures that form in 
response to stresses sourced from a range of mecha-
nisms including polar wander, despinning, changes in 
volume caused by freezing or thawing of a subsurface 
ocean, orbital recession/decay, diurnal tides, and non-
synchronous rotation (NSR) [1,2]. Icy shells often pre-
serve this record of tectonic deformation as patterns of 
fractures which can be used to identify the source of 
stress. Enceladus’s surface shows an extensive geologic 
record [3,4], and the fracture patterns observed in the 
south polar terrains (SPT) provide direct geologic evi-
dence for NSR [3]. 

While the surface of Pluto has yet to be revealed, 
numerous studies have attempted to predict the likeli-
hood of tectonic activity, and the possible stress 
mechanisms including despinning [5] and polar wander 
[6] that may have produced them. Additionally, [5, 7] 
discuss that the possibility of a subsurface ocean during 
periods of Pluto’s evolution under certain conditions. 
For these reasons, establishing Enceladus’s  global tec-
tonic history provides a useful analog for Pluto, until 
the surface of Pluto and Charon are unveiled by the 
New Horizons mission July of 2015.  

Establishing Fracture Histories: Fractures often 
form within a fracture set where cracks are evenly 
spaced and parallel to one another in response to a 
stress field. If the stress field changes, a new fracture 
set may form in a different orientation dictated by the 
orientation and magnitude of the new stress field. 
Therefore, multiple fracture sets, each with distinct ori-
entations, can form within the same region. Detailed 
fracture mapping can resolve the different sets, and 
their relative age relationships (Fig. 1 & 2).   

Global stress models are required to identify the 
stress mechanism responsible for creating observed 
fracture patterns. With the help of programs like Sat-
Stress [8] and SatStressGUI [9], we can make assump-
tions about the rheological properties of an ice shell and 
the source of stress, and produce a theoretical pattern of 
failure. If predicted fracture patterns produced with 
SatStress match mapped fracture patterns we can infer 
which sources of stresses produced the observed frac-
tures.  

 
Figure 1: Systematic fracture sets revealed on Enceladus's 
leading hemisphere. 
 

 
Figure 2: Systematic fracture sets revealed on Enceladus's 
trailing hemisphere. 

A Record of Normal Fault Formation: Ence-
ladus’s cratered terrains are overlooked as being heav-
ily tectonized, and are undergoing tectonic dissection 
by early-stage normal faults called pit chains. Ence-
ladus’s cratered terrains show fracture orientations ro-
tating through time, from which we infer a change in 
the stress field in which the fractures formed (Fig. 1 & 
2). Similar observations in the SPT by [3], attributed 
the observed systematic change in fracture orientations 
to NSR of Enceladus’s ice shell.  

Strike-slip Faulting: In the outer solar system 
normal faulting is the dominant tectonic process; how-
ever, strike-slip faults have been identified on a number 
of icy bodies, including Europa [10], Ganymede [11], 



Enceladus [12], and Triton [13]. Right-lateral strike-slip 
faults predominantly formed in the southern hemisphere 
and left-lateral strike-slip faults in the northern hemi-
sphere [10], suggesting they were formed in the past by 
stresses induced by diurnal tidal forces, and then rotated 
~60° by NSR [10]. Deviations from this general pattern 
in equatorial regions of Europa are dependent on fault 
orientation but may also be explained by polar wander 
[14]. The global distribution of strike-slip faults on 
Enceladus (Fig. 3) reveals a seemingly random pattern 
of left- and right-lateral strike-slip faults across its sur-
face. While this pattern may suggest that diurnal tides 
may not apply to the formation strike-slip faults on 
Enceladus, multiple stress mechanisms may be at work 
creating the observed strike-slip fault distribution. Fur-
ther work modeling global stresses will be necessary to 
understand this pattern on Enceladus.   

 
Figure 3: Global distribution of strike-slip faults on Ence-
ladus. Blue indicates left-lateral faults, and Red indicates 
right-lateral faults. 

Conclusion: As seen by global scale mapping of 
normal and strike-slip faults on Enceladus, details of 
the tectonic history of an icy body can be probed. If 
tectonic features are resolved on the surface of Pluto or 
Charon, previous modeling, and global-scale mapping 
of tectonic features may provide a window into the evo-
lution of Pluto, and the Pluto system. 
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With the New Horizons spacecraft fast approaching 

its rendezvous with Pluto and its satellites, we will soon 
have a unique opportunity to obtain data on the chemi-
cal compositions of their surfaces with a level of detail 
yet unmatched.  In preparation for this event, we are 
conducting a series of laboratory experiments designed 
to mimic the surface conditions of Pluto in order to both 
make predictions about what the spacecraft may ob-
serve, and to help understand the data that are eventual-
ly returned. 

Previous laboratory experiments related to Pluto 
surface chemistry have been reviewed by Hudson et al. 
[1].  The present work has focused on ultraviolet (UV) 
photolysis of ices relevant to Pluto and analysis of the 
resulting photoproducts with a special focus on refrac-
tory non-ice components.  We irradiated (during depo-
sition) a mixture of N2, CH4, CO, and C2H6 
(100:1:1:0.1) and studied the resulting photoproducts 
using parallel and complimentary chemical analysis 
techniques: 1. In situ Infrared (IR) analysis of the re-
sulting ice and refractory residue.  2. Ex situ analysis of 
refractory residue with gas chromatography coupled 
with mass spectrometry (GC-MS).  The IR data are 
useful for identifying specfic compounds and radicals 
in the ice phase while providing some general infor-
mation the chemical moities in the refractory material.  
The GC-MS data provide a means for identifying spe-
cific compounds in the refractory material after it has 
been extracted from the vacuum chamber. 

To date, our experiments have yielded several main 
results:  1. The ice phase radiation products identified 
via IR spectroscopy closely match previous experi-
ments conducted by other groups on simpler two- and 
three-component ice mixtures.  2.  The Mid-IR (2.5-20 
µm) spectra of the refractory residue is consistent with 
the presence of -CH2-, -CH3, -OH, C=O, and 
-C≡N groups.  3. The GC-MS data (Figure 1) have 
identified at least 13 individual compounds in the re-
fractory residue most of which are carboxylic acids or 
hydroxy-carboxylic acids.  While these acids may not 
be the predominant component of the radiation resi-
dues, their presence indicates the importance of an oxy-
gen-bearing molecule in the reactions occurring in a 
mixture of ices otherwise dominated by reduced com-
pounds. 

We plan to use the data collected in these experi-
ments in conjunction with future experiments to derive 

optical constants for some of these refractory materials 
in the 1-2.5 µm range so that through radiative transfer 
models for reflectance they can be compared directly 
with data returned from the New Horizons spacecraft. 

 
 

 

 
 
Figure 1. The following compounds have been positive-
ly identified using the GC-MS with purchased chemical 
standards: (1) 2-hydroxypropanoic acid, (2) glycolic 
acid, (4) oxalic acid, (5) 2-Hydroxybutyric acid, (6) 3-
Hydroxypropanoic acid, and (13) 2,3-
dihydroxypropanoic acid.  The following compounds 
have been tentatively identified using the GC-MS Xcal-
ibur™ software (Thermo Finnigan): (3) 2-Hydroxy-2-
methylpropionic acid (7) 3-Hydroxybutanoic acid (8) 3-
Hydroxy-2-methylpropanoic acid (9) 2-Hydroxy-3-
methylbutanoic acid or 2-Hydroxypentanoic acid (10) 
2-Hydroxy-3-methylbutanoic acidor 2-
Hydroxypentanoic acid (11) 2-Hydroxy-2-butenoic acid 
(12) 2-hydroxyhexanoic acid or 2-hydroxy-4-
methylpentanoic acid. 
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Introduction:  The Solar Wind Around Pluto (SWAP) 

instrument on New Horizons measures ions with ener-
gy/charge (E/q) from 35 eV/q to 7.5 keV/q. Constrained to fit 
within minimal resources, SWAP is optimized to make meas-
urements as the New Horizons spacecraft scans to image 
Pluto and Charon over all scan angles planned at the time of 
launch. To meet these unique requirements, we produced a 
wide field-of-view top-hat analyzer with electrostatic deflec-
tors, and a redundant/coincidence detection scheme. SWAP 
has already provided unprecedented observations of the plas-
ma environment down the deep Jovian magnetotail and of 
interstellar pickup protons out to >20 AU. This brief talk 
summarizes 1) the SWAP instrument, 2) some of the im-
portant discoveries and results already published using SWAP 
data, and 3) the plans for making critical observations of the 
solar wind interaction through the Pluto/Charon flyby. These 
latter measurements are designed to characterize Pluto’s total 
atmospheric loss rate and allow us to examine the complex 
plasma interactions at Pluto for the first time.  
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New Horizons will revolutionize our understanding of the Pluto system in 2015, but understanding of 
Pluto’s provenance has been strongly evolving for years. From escaped satellite to surviving protoplanet 
[1–3], and from caught in resonant migration [4,5] to scattered during a solar-system-wide dynamical 
instability [6,7], Pluto has emerged as a surviving oligarch/dwarf planet of the primordial planetesimal 
disk beyond the initial compact planetary configuration. In early studies of possible planetary migration, 
Pluto’s eccentricity implied 3:2 resonant migration from ~33 AU to its present position [4,5]. This view 
has been supplanted by the arguably dominant paradigm of the Nice instability model, in which a close-in 
Neptune (at ~12 AU) jumps the outer planetesimal disk more-or-less “in a single bound” to ~27–28 AU, 
where its orbit circularizes through dynamical friction and then completes its outward migration to 30 AU 
[6]. Neptune scatters planetesimals from the disk into the present range of the Kuiper belt and beyond, 
and as its orbit stabilizes, the surviving planetesimals (both resonant and non-resonant) are trapped “for 
eternity” [6]. Both the resonant migration and Nice models predict that Pluto originally accreted well 
inside its present position, and the Nice model in particular implies formation somewhere in the 20-to-34 
AU range [6,8]. In terms of statistical likelihood, formation in the outer part of the planetesimal disk (≥29 
AU) is favored, but Pluto’s high inclination is more consistent with accretion inside of 29 AU [6]. It also 
makes sense, that as one of the largest known survivors of the original disk (along with Eris and Triton), 
Pluto formed closer to the Sun. Growth times are a strong function of heliocentric distance [e.g., 9], and 
formation of 1000-km-sized oligarchic planetesimals is estimated have taken 5–10 m.y. between 20–25 
AU and 15–30 m.y. between 30–34 AU [9]. These growth times are interesting when compared to likely 
nebular gas disk lifetimes of 3–10 m.y. [10], and imply that Pluto accreted in full within a gas-free 
environment or at best during the waning stages of nebular gas loss.  

In terms of composition, extensive studies of comets, asteroids, meteorites (especially the more 
recent falls Tagish Lake and Sutter’s Mill), interstellar dust particles (IDPs), interstellar molecular clouds 
and star-forming regions support the concept that the planetesimal disk that birthed Pluto and other 
Kuiper belt objects (KBOs) was composed of subequal amounts of volatile ices (including volatile 
organics), less volatile carbonaceous matter, and refractory “rock” [see references in 11]. Volatile ice 
compositions are best represented by cometary comae [e.g., 12,13], but differences may exist among 
cometary dynamical classes [14-16]. Macromolecular carbonaceous compounds (CHON) were seen at 
Halley [17,18], are seen in Stardust particles [19], and inferred from infrared emission spectra [e.g., 20]. 
The rock component can be usefully compared with the most primitive carbonaceous chondrites, as 
exemplified by Tagish Lake: a fine-grained, opaque matrix of phyllosilicates, sulfides, and magnetite, 
surrounding aggregates of olivine, pyroxene and other minerals and inclusions, showing evidence for 
pervasive but incomplete low-temperature, aqueous alteration [21,22]. This is not to suggest that Tagish 
Lake is a precise mineralogical model for cometary rock or rock within Pluto, but 1) such rock should be 
solar in composition or close to it (with respect to non-volatile elements) and 2) as planetesimals accreted 
and evolved between ~20-and-34 AU, various degrees of aqueous alteration likely occurred prior to final 
incorporation into Pluto.  

The following compositional features should be noted: 1) The carbon abundance of carbonaceous 
chondrites is ~5 wt%, much less than solar [23,24], but comets as a whole are not depleted in carbon 
[17,18,25], so there must have been a large carbonaceous component to the planetesimals that built Pluto 



[26]; 2) the N/C ratios in IDPs and Stardust particles are non-trivial [19], so the carbonaceous component 
could have been a more important source of N2 and nitrogen compounds for Pluto than volatile ices, 
which are N-depleted [12]; 3) the rock and carbonaceous fractions are likely have been a mélange of 
unequilibrated nebular condensates, chondrules, and interstellar grains, reflecting extensive radial mixing 
in the early nebula [27,28]; 4) the most recent solar abundances [24] have higher C/O and substantially 
higher Si/O ratios when compared with the standard reference of Anders and Grevesse [29], consistent 
with Pluto’s relatively high density [cf. 30]; 5) sulfur, an important rock-forming element, is moderately 
volatile, and its abundance in the Pluto-forming region may have been affected by draw-down of nebular 
H2S by FeS formation in the terrestrial planet region [31,32]; and 6) a number of novel explanations have 
been advanced to explain the unforeseen abundance pattern measured by the Galileo probe at Jupiter [33-
35], some of which could change our understanding of cometary compositions if valid (in this regard, 
forthcoming results from Juno should prove enlightening). 

Pluto’s rock/ice ratio is ~0.7 by mass, calculated on an anhydrous basis and neglecting its less 
volatile carbonaceous component. Pluto’s differentiation state was debated in [26], but the case for Pluto 
being differentiated has strengthened considerably since then: 1) convection is now seen as a less efficient 
mechanism of interior heat transport, implying greater adiabatic (internal) temperatures, all other things 
being equal [e.g., 36]; 2) Charon’s lower density than Pluto implies at least partial differentiation of one 
of the precursor bodies, prior to the Charon-forming collision [37]; 3) at least one other major KBO, 
Haumea, is clearly differentiated [38]; and 4) new rock mineralogical models created by the author for 
major icy satellites/bodies [39], reflecting varying states of hydroxylation and carbonation, are somewhat 
less dense (for likely degrees of oxidation, given internal pressures). The latter push rock volume 
fractions higher (higher still if refractory carbonaceous material is considered), increasing ice+rock 
viscosities and the likelihood of internal water-ice melting. New Horizons will not pass close enough to 
Pluto (or Charon) to measure degree-2 gravity, but shape determination from imaging offers the possibil-
ity of determining differentiation state as long as hydrostatic equilibrium is attained post tidal evolution. 
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New Horizons will not pass close enough to Pluto (or Charon) to measure degree-2 gravity, but shape 
determination from imaging offers the possibility of determining differentiation state as long as hydrostatic 
equilibrium is attained post tidal evolution. 

With the decision to maintain the nominal trajectory as the best option from a hazard point-of-view, the closest 
approach distances to Pluto and Charon are set to be ~13,000 km and 30,000 km (COM), respectively. At approach 
distances >10 Pluto radii, flyby speeds of nearly 14 km/s, and radio tracking constraints, degree-2 or higher gravity 
will not be obtained. The situation is not entirely hopeless, however. Both radio tracking and optical navigation 
should determine the individual masses of Pluto and Charon (“J0”) to a high degree of accuracy. This will put to rest 
a long-standing limitation on modeling and understanding Pluto and Charon’s internal structure and evolution [1]. 
The internal structures and geophysical histories of these bodies will also be reflected in their shapes. In the ideal 
situation of perfect hydrostatic equilibrium, their triaxial shapes will reflect their moments-of-inertia (MOI) and thus 
degree of differentiation.  

The figure below illustrates the potential magnitudes of shape distortions due to rotation and mutual tidal 
interaction (a = tidal axis, c = spin axis). Present-day system parameters are based on [2] for definiteness. 
Differentiated structures assume hydrated rock for Charon and dry rock for Pluto (which minimizes the latter’s 
normalized MOI ≈ 0.3); undifferentiated assumes uniformity (not precisely true due to high-pressure ice phases, but 
NMOI = 0.4 maximizes hydrostatic deformation). As can be seen, Charon is strongly triaxial, while Pluto is nearly 
biaxial. Detecting flattenings is only the beginning of the New Horizons experiment, however. We want to 
discriminate between differentiated and undifferentiated figures. This will be a challenging task for limb fitting 
[e.g., 3], especially as all of the values below are <1 km. Charon’s a – c is larger, as is the delta between the 
differentiated and differentiated case, than for Pluto, and measurements of the required precision may be within 
reach for Charon. Charon will have to cooperate, though, as it may be considerably topographically rougher than 
Pluto, if Triton is a useful guide/analogue for Pluto [4].  

We should also not be too surprised if we measure larger second-degree figures than estimated here. In this 
case we may be looking at a fossil bulge or bulges, from before complete spin-orbit synchronism was achieved early 
in solar system history [5] (e.g., a fossil bulge is thought to contribute to the Moon’s dynamic figure, and is 
painfully obvious for Iapetus). In such a case for Pluto or Charon, we would not learn anything about differentiation 
state, but a fossil bulge would nevertheless be very interesting and would constrain thermal history [6,7]. Additional 
possibilities for (apparently non-hydrostatic) long-wavelength topographic interpretation abound [e.g., 8,9]. 
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Introduction:  There has been speculation about 

the interaction of the solar wind with Pluto from the 
time of the “Grand Tour” studies in the early 1970’s 
[1]. At the same time Trafton and others considered the 
potential atmosphere, which might be escaping from 
this planet [2-8]. Subsequently, initial occultation 
measurements of Pluto revealed evidence for an atmos-
phere [9-11] and led to further speculation about the 
extent of atmospheric escape [12] and what conse-
quences this might have for the integration of the planet 
with the solar wind [13]. 

As models for the atmosphere became more detailed 
[14-18], it also became clear that pickup ions could 
dominate a large space around the planet [19] and pro-
vide significant information on the composition and 
extent of atmospheric escape via in situ measurements 
by an appropriately instrumented flyby spacecraft [20, 
21]. Continued investigation provided more evidence of 
the potential scientific importance of tenuous atmos-
phere at Pluto, its implications for the evolution of the 
surface, and the potential for a significant interaction 
with the solar wind in the distance heliosphere [22-27]. 

Pick-up Ions:  Although the basic properties of the 
solar wind at the distance of Pluto are well known from 
Voyager measurements [27], the nature of the interac-
tion with Pluto’s atmosphere is highly dependent upon 
the outflow strength, which is unknown over several 
orders of magnitude. At its the strongest, the interaction 
may be similar to that of the solar wind with a comet 
for which there can be significant mass loading of the 
solar wind, stagnating the flow [28-34]. In this case, the 
detection and measurement of picked up cometary ions 
provide insight into the net production rate by the com-
et. Especially with the continuing presence of the at-
mosphere of Pluto even as it recedes from perihelion 
[35-37], ongoing modeling efforts suggest that some-
thing of this sort may be present at the time of the New 
Horizons encounter in 2015 [38-42]. If this is the case, 
then the measurement of heavy ions from Pluto’s at-
mosphere remote for the planet can provide a discrimi-
nating outer boundary condition for the atmospheric 
escape [29]. 

Instrumentation:  To detect the pickup ions, which 
can be accelerated to relatively high energies in the 
integration, an energy range up to the ten’s of keV was 
required along with mass discrimination. The Pluto 
Energetic Particle Spectrometer Science Investigation 
(PEPSSI) is a class of “hockey puck” energetic particle 
spectrometer designed to make such measurements 
while minimizing the use of spacecraft resources, nota-
ble mass and power [43]. By combining time-of-flight 
and total energy measurements into a compact package 
with six sectors to provide angular resolution over the 
instantaneous look direction, PEPSSI accomplishes its 
task in a 1.475 kg package using ~2.5 W of electrical 
power. PEPSSI measurements during and after the Jupi-
ter flyby have demonstrated the instrument performance 
[44-46], and ongoing operation of the instrument in the 
far heliosphere during hibernation periods of the space-
craft show that the instrument is “good to go” for 
providing the required measurements during the Pluto 
encounter. 
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GLOBAL SURFACE-ATMOSPHERE INTERACTIONS ON PLUTO.

T. I. Michaels1, 1SETI Institute (189 Bernardo Ave Suite 100, Mountain View, CA 94043; tmichaels@seti.org).

Current  Investigative  Approach: A  three-
dimensional global climate model (GCM) for Pluto has 
been exercised to better elucidate some key aspects of 
Pluto’s  contemporary  global  surface-atmosphere 
interaction(s).  This  GCM  (based  on  the  terrestrial 
model OLAM [8]) uses an unstructured horizontal grid, 
assumes  no  topography,  and  simulates  the 
surface/subsurface  and  the  lowest  ~100  km  of  the 
atmosphere.  It  incorporates  a  surface/subsurface 
submodel capable of tracking the seasonal and diurnal 
transfer of volatile surface ices, and full surface layer  
and boundary layer turbulence parameterizations.  The  
“contemporary” climate epoch to be investigated (1988-
2018) was chosen partly because it spans the seasonally 
interesting times  of  Pluto's  perihelion  and  equinox.  
Since the atmosphere of Pluto is thought to be in (or  
near) vapor pressure equilibrium with the surface ices,  
the changes in insolation during this period should have 
a large impact on the surface pressures. This epoch was 
also  chosen  because  it  encompasses  the  existing 
observational constraints and an expected future dataset 
from  the  NASA  New  Horizons  spacecraft.  Existing 
observations  and other  constraints  have  been  used as 
model inputs where possible,  and/or as items that the 
model aims to reproduce and further interpret.

Some  Preliminary  Examples: Some  preliminary 
examples of the output of the GCM are presented below 
(Figs.  1-5),  with  an  emphasis  on  atmosphere-surface 
interactions. Note that the runs shown are for equinox 
insolation conditions,  include  only beta-phase  N2 ice, 
and  are  all  plotted from the  global  state  at  the same 
instant in time.

Figure 2. As in Fig. 1, but shows surface air pressure 
[hPa]; greatest pressure in the afternoon, but also areas 
of predawn high pressure due to atmospheric dynamics.

Figure  3.  Equatorial  orthographic  projection  (mostly 
the  nightside,  dayside  at  right),  showing  the  surface 
nitrogen ice mass [kg m-2]; in this equinox season, only 
the polar regions exhibit a net gain of surface ice (white 
and reddish colors).



Figure  4.  As  in  Fig.  1,  but  shows  near-surface 
meridional  (N-S)  wind  velocity  [m  s-1];  greatest 
meridional wind magnitudes occur before dawn and in 
the high latitudes during the afternoon/evening.

Figure 5. As in Fig. 1, but shows near-surface zonal (E-
W)  wind  velocity  [m  s-1];  greatest  zonal  wind 
magnitudes  occur  before  dawn  and  in  the  higher 
latitudes during the day.

Outlook:  The examples of GCM output shown in 
Figs. 1-5 illustrate some ways in which contemporary 
Pluto is a dynamic world, particularly with respect  to 
atmosphere-surface  interactions.  Although  it  is  quite 
thin, the atmosphere should not be ignored, especially 
with  regard  to  the  global  (re)distribution  of  minor 
constituents  such  as  methane  (carried  efficiently  by 
near-surface winds).

It is hoped that the modeled phenomena in these and 
future GCM simulations will help unravel unexplained 
details  of  past  and  future  observations.  Further 
simulations targeting the conditions expected on Pluto 
in 2015 will be presented at the meeting.
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Abstract: We use a statistical-thermodynamic 

model to investigate the formation and composition of 
noble-gas-rich clathrates on Pluto's surface.  

By considering an atmospheric composition close to 
that of  today's Pluto, and a broad range of surface pres-
sures, we find that Ar, Kr, and Xe can be efficiently 
trapped in clathrates if they formed at the surface, in a 
way similar to what has been proposed for Titan. 
The formation on Pluto of clathrates rich in noble gases 
could then induce a strong decrease in their atmospheric 
abundances relative to their initial values. A clathrate 
thickness of  order of a few centimeters globally aver-
aged on the planet is enough to trap all Ar, Kr and Xe, 
if these noble gases were in protosolar proportions in 
Pluto's early atmosphere.  

Because atmospheric escape over an extended peri-
od of time (millions of years) should lead to a noble gas 
abundance that either remains constant or increases 
with time, we find that a potential depletion of Ar, Kr 
and Xe in the atmosphere would best be explained by 
their trapping in clathrates. A key observational test is 
the measurement of Ar, since the Alice UV spectrome-
ter aboard the New Horizons spacecraft will be sensi-
tive enough to detect its abundance 10 times smaller 
than in the case considered here. 



EXOTIC SODAS: CAN GAS EXSOLUTION DRIVE EXPLOSIVE CRYOVOLCANISM ON
PLUTO AND CHARON?

M. Neveu1, D. C. Napolitano2, A. D. Edwards2, S. J. Desch1, C. R. Glein3, and E. L. Shock1,2. 1School
of Earth and Space Exploration, Arizona State University, Tempe, AZ 85287, USA. 2Department of Chem-
istry and Biochemistry, Arizona State University, Tempe, AZ 85287, USA. 3Geophysical Laboratory, Carnegie
Institution of Washington, 5251 Broad Branch Rd. NW, Washington, DC 20015, USA. (mneveu@asu.edu).

Explosive Cryovolcanism in the Outer So-
lar System: Active outgassing of volatiles has been
observed on Triton (N2) [1] and Enceladus (H2O) [2].
The radii (1350 and 250 km) and densities (2 and 1.6
g·cm−3) of these moons bracket those of the Kuiper
Belt Objects (KBOs) Pluto and Charon (1150 and 600
km; 2 and 1.6 g·cm3), suggesting similar bulk com-
positions, internal structures, and thermal histories.
Internal evolution models have hinted at liquid water
layers inside Pluto [3] and Charon [4]. Detections of
short-lived species on the surface of Charon [5,6] are
also compatible with recent cryovolcanism.

A Mechanism for Explosive Cryovolcanism:
We assume that Pluto and Charon partially or fully
differentiated into rocky cores and icy mantles, and re-
tained liquid layers in between. Crawford and Steven-
son [7] investigated a gas-driven mechanism for the
ascent of denser aqueous cryolava through a water ice
mantle. Liquid-filled cracks spontaneously propagate
through the ice layer up to the hydrostatic level, at
depth (1 − ρice/ρwater) · d from the surface of the ice
layer, where d is the ice layer depth. Overshooting
the hydrostatic level to reach the surface requires an
additional drive. As liquid rises, the overburden pres-
sure decreases, leading to the exsolution of dissolved
volatiles. Gas rises to the top of the water column and
drives crack propagation by positive buoyancy, pump-
ing some liquid to the surface [7]. This would happen
too fast (105 s) for liquid to refreeze on the cold walls
of a 1-m diameter cylindrical conduit, because the la-
tent heat of freezing takes about 106 s to be conducted
away [7]. The pressure-driven exsolution is slightly
mitigated by the temperature drop in the rising fluid,
which favors dissolution. Were KBOs to retain an un-
differentiated crust [4], fluid-filled cracks would rise by
positive buoyancy through that ice-rock mixture.

The Volatile Culprits: Accreted volatiles were
presumably initially trapped in amorphous ice or as
clathrate hydrates. Subsequent softening or melting
of ice due to heating by short- and long-lived radionu-
clides, tidal interactions, differentiation, or exothermic
water-rock reactions would have released volatile im-
purities into the aqueous melt. Thus, the icy mantle
may be purer water than the liquid layer, whose dis-
solved volatiles would act as antifreezes to preserve it
on geological time scales [3,4]. Which volatiles do we
expect in the liquid? Comet spectroscopy has shown
that key species are carbon monoxide CO (coma abun-

Figure 1: Apparent molar heat capacity (a.) and vol-
ume (b.) of NaCl at subzero temperatures as a func-
tion of the square root of the NaCl molality. CHNOSZ
predictions are as accurate as the Pitzer fits [14] to ex-
perimental data [15,16] at low T . Modified from [14].

dance of 0.4 to 30% with respect to water), carbon
dioxide CO2 (2 to 30%), methane CH4 (0.4 to 1.6%),
methanol CH3OH (0.2 to 7%), ammonia NH3 (0.2 to
1.4%), and hydrogen sulfide H2S (0.12 to 1.4%) [8].
Diatomic and atomic species such as N2 and Ar, not
accessible with this technique, should also be consid-
ered. These abundances are consistent with observa-
tions of extrasolar protoplanetary disks [9] and mea-
surements of the Enceladus plume [2]. We assume that
these species were also accreted by KBOs. H2 result-
ing from water-rock reactions may also be present.

Testing the Validity of Subzero Geochemical
Calculations: At chemical equilibrium, the number
of moles of a given dissolved volatile per kilogram of
water, or molality m, is given by:

logK(T, P ) = log
γvolatile (aq)mvolatile (aq)

φvolatile (g)Pvolatile (g)
(1)

where K is the equilibrium constant for the reaction
Volatile (g) → Volatile (aq) at given temperature T
and pressure P , γ is the activity coefficient of the so-
lute, and φ and Pvolatile are the fugacity coefficient and
partial pressure in bars of the volatile gas. To evaluate
the propensity of volatiles to exsolve as fluid rises, we
consider the ideal case of a single volatile dissolved in
pure water (γ = 1). The exsolved gas is assumed to



Figure 2: a. Ideal solubilities of key volatiles as a
function of P (i.e., depth), for T=253 K (thick lines)
and 298 K (thin lines). A possible internal structure
for Charon [4] is superimposed. b. and c. An ice-rock
crust inhibits gas exsolution in the mantle, because m
seldom varies with P , but increases with decreasing T .

be ideal and composed of the pure volatile (φ = 1 and
P = Pvolatile).

T and P range between about 50 K, 0 bar at the
surface and 273 K, >1 kbar at the base of the ice
[3,4]. Geochemical codes provide K(T, P ) from ther-
modynamic datasets referenced at 298.15 K and 1 bar,
using an equation of state for solutes. The Pitzer [10]
and HKF [11] equations are commonly used. The for-
mer equation has been used down to 173 K in the
FREZCHEM code [12], but is derived from polynomial
fits to experimental data. Thus, it has little predictive
power and is restricted to species for which data are
available at given T and P . The semi-empirical HKF
equation models interactions between solute molecules
in water, and does have predictive capabilities. How-
ever, it was developed using data above 273 K. We
used the software package CHNOSZ [13] to test the
accuracy of the HKF equation down to 253 K (the
minimum T achievable with CHNOSZ) to predict so-
lute properties in supercooled water, and found close

agreement with experimental data (Fig. 1).

Does Exsolution Occur? Fig. 2a shows the
molality m of relevant volatiles as a function of pres-
sure (or depth) at 253 K and 298 K. NH3 and CH3OH
are not shown because they are very soluble in water,
which inhibits degassing. All volatiles follow a similar
m vs. P trend, but compounds with greater solubil-
ity (higher m) are more sensitive to T . With our as-
sumptions, exsolution occurs at P for which m(T, P )
decreases below the bulk concentration, represented
by vertical lines in Fig. 2: 10% (primordial CO), 1%
(primordial CH4) and 0.01% (endogenic H2). Unless
it was accreted at less than a few percent, CO never
fully dissolves, because the K(T, P ) curve is always to
the left of the 10% line. The expected trend of m de-
creasing as pressure drops occurs only at P < 200
bar, close to the surface. At higher P , exsolution
is offset by the decrease of log K with increasing P ,
keeping m roughly constant at a given T . As a con-
sequence, undifferentiated crusts inhibit exsolution at
the liquid/ice hydrostatic level by shifting this level
to P > 200 bar (Fig. 2b), where m is governed by
T which should decrease by 40 to 100 K through the
mantle [4], roughly the ∆T between the thick and thin
curves. Without a crust, exsolution at the hydrostatic
level depends on ∆T through the mantle, which need
be just small enough to slightly decrease m (Fig. 2c).

Moving to Lower T and Gas Mixtures: Scarce
experimental data on supercooled solutes make calcu-
lations below 253 K speculative. The HKF equation
goes singular at 228 K where water has a liquid-liquid
critical point [17], but in principle calculations can be
done at arbitrarily low T . In real cases, Pvolatile < P
and m, which scales with Pvolatile, is decreased.

Acknowledgements: We thank J. M. Dick for
modifying the CHNOSZ R geochemistry package to
work at subzero temperatures.
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Introduction: Pluto and Charon have somewhat 

different surface appearances, densities (2.03 vs. 1.65 

g/cc) and radii (1153 vs. 604 km). Nonetheless, both 

probably underwent rather similar evolutionary trajec-

tories, with a few important caveats (see below). The 

key question addressed here is how to use necessarily 

limited New Horizons observations to infer the internal 

structures and histories of these bodies.  

Similarities and Differences:  Charon’s smaller ra-

dius and density make it less likely to have undergone 

thermally-controlled processes such as differentiation 

or convection. On the other hand, if Charon formed 

during a giant impact [1], its initial mean temperature 

could have been higher than Pluto’s. Circularization of 

Charon’s orbit would have provided a source of energy 

and stress not available to Pluto, though Charon’s cur-

rent eccentricity is probably zero [2]. Charon’s present-

day tidal bulge is larger (in relative terms) than Pluto’s. 

Differentiation and Hydrostatic Equilibrium:  

Titan is significantly larger than Pluto, yet it does not 

appear to have fully differentiated [3], so differentiation 

even of Pluto is not guaranteed [cf. 4]. One way of de-

termining moment of inertia (and thus differentiation 

state) is by shape measurements [5] – as long as the 

body is in hydrostatic equilibrium. Smaller bodies are 

in general less likely to be hydrostatic; Iapetus is com-

parable in size to Charon and is strongly non-

hydrostatic [6], while Titan is hydrostatic [3]. The pres-

ence of a subsurface ocean makes a hydrostatic shape 

more likely (see below). The small orbital inclination of 

Charon makes using obliquities to provide an inde-

pendent estimate of moments of inertia very difficult. 

Subsurface oceans?: In the presence of an anti-

freeze such as NH3, even Charon could plausibly pos-

sess a present-day ocean [4]. Charon’s putative for-

mation via impact could have produced an initial ocean, 

while for Pluto, the main source of energy driving melt-

ing is radioactive decay; despinning represents a minor 

addition [7]. Whether an ocean develops after formation 

depends on the competing rates of heat production and 

heat removal, with convection favouring no ocean [7,8].   

Signatures of an ocean. If an ocean is present, there 

will likely be no “fossil bulge” – unlike Iapetus – and 

the body will be close to hydrostatic [7]. An ocean 

which formed and then froze will generate early com-

pressional and more recent extensional stresses, while 

an ocean-free body will exhibit early extension and 

more recent compression, from thermal expansion ef-

fects [7]. An ancient ocean would have permitted larger 

diurnal tidal stresses on Charon [9].  A near-surface 

ocean would also change the appearance of large im-

pact features [10]. A freezing ocean could in principle 

generate large enough pressures to cause 

cryovolcanism, potentially detectable at the surface 

[11]. 

 Thermal evolution:  A baseline thermal evolution 

model for a differentiated Pluto [7] results in ice-shell 

convection, no ocean developing, predominantly exten-

sional surface tectonics and a pronounced fossil bulge. 

However, the presence of NH3 could permit an ocean to 

develop. For Charon, convection is less vigorous but 

radioactive heating is smaller, so it is currently unclear 

whether a subsurface ocean is plausible. As at Iapetus, 

the extent to which large impact basins have relaxed 

will provide constraints on the thermal evolution of the 

ice shell [12]. Other tectonic features, such as Ithaca 

Chasma on Tethys [13], would provide additional con-

straints on thermal history. 

Surface tectonics: Several mechanisms capable of 

generating global surface tectonic patterns exist. 

Despinning and orbital recession [9,14] are both likely, 

but were probably overwhelmed by the much larger 

effects of thermal contraction/expansion [15]. Diurnal 

tidal stresses may have been important for Charon [9] 

and could perhaps have given rise to double ridges sim-

ilar to those seen at Triton [16]. Both Pluto and Charon 

are rotationally unstable, so reorientation due to impacts  

is another potential source of stress [17].   
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On May 4 2013, Pluto passed in front of a V~14 star 
and the shadow was well observed from multiple occul-
tation groups.  This paper presents initial results from 
the three light curves observed at Las Cumbres Obser-
vatory Global Telescope Network (LCOGT) from their 
Cerro Tololo site.  The three LCOGT telescopes have 
1.0 m apertures and used identical off-axis FLI 
ML4720 cameras unfiltered. The cameras currently 
have a 2 second readout time therefore autonomous 
observations were scheduled with different exposure 
times to give good time resolution of the event. 

 

 
 
Figure 1. Initial reduction of the LCOGT stellar occul-
tation light curves.  The three colors correspond to the 
three different telescopes. 
 
 We will combines these observations with an 
astrometric solution provided by B. Sicardy and col-
leagues and carry out a model fit to determine the at-
mospheric pressure in Pluto’s atmosphere in May 2013.  
This result will be compared with volatile transport 
models from Young (2012). 
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A Detailed Look at Selected Ralph Observations Near Closest Approach 
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The Ralph instrument is a visible/near infrared 

multi-spectral imager and a short wavelength infrared 
spectral imager.  Ralph has one input aperture and two 
sets of focal planes: MVIC (Multi-spectral Visible Im-
aging Camera) and LEISA (Linear Etalon Imaging 
Spectral Array).  Another paper at this conference de-
scribes the Ralph instrument and science objectives 
(Stern et al.).  This paper focuses on presenting details 
of selected Ralph observations that are either key to 
addressing Group 1 science objectives [1] or are the 
best Ralph observations of the small moons of Pluto.   

An example of a set of observations that will be de-
scribed in detail are the 4 LEISA scans that will be used 
to produce our Group 1 composition map of Pluto.  
These observations take place 2-3 hours before closest 
approach to Pluto. The combination of the four scans 
builds up the coverage of Pluto’s illuminated disk and 
the SNR level. 

For each of the key observations, details such reso-
lution, solar phase angle, exposure time and time from 
closest approach will be given, as in Table 1 for the 4 
Group 1 composition map scans. 

 
Table 1. Details of the 4 LEISA scans that address 

the global composition map objective. 
Observation Name Time 

from 
c/a, 
hr 

Resn 
(km) 

Phase 
Angle, 
deg. 

Exp 
Time, 
sec 

P_LEISA_Alice_1a -3.1 0.7 20.1 0.61 
P_LEISA_Alice_1b -2.9 0.7 20.5 0.61 
P_LEISA_Alice_2a -2.6 0.7 21.7 0.58 
P_LEISA_Alice_2b -2.1 0.7 22.5 0.58 
 
The details of spatial coverage for these key observa-
tions will be provided by Systems Tool Kit (STK, for-
mally Satellite Tool Kit) simulations or our New Hori-
zons geometric visulizer tool (NHGV). The STK graph-
ics for the four observations targeted to producing the 
global composition map are presented in Figures 1-4. 
 Other observations also contribute to the 
global composition map such as our high resolution 
approximately one hour before closest approach.  This 
is a regional scan with a resolution of ~1.2 km per 
pixel.   
 The depth and redundancy of the Ralph obser-
vations near closest approach will be explored. 

 
Figure 1. The location of the LEISA field of view (pink 
box) relative to the Pluto disk (center globe) near the 
midtime of the P_LEISA_Alice_2a scan across Pluto.  
The three globes are the 3-sigma positions of Pluto rela-
tive to the spacecraft at time of the scan.  Lines of lon-
gitude are shown on the globe.   The nominal limb of 
Pluto is shown in pink and the deadband uncertainty is 
depicted by the white dotted line inside the LEISA field 
of view.  The green box is the LORRI field of view 
used to orient the viewer to the orientation of the space-
craft. 
 

 
Figure 2. Same STK image as above except for the 
complementary scan P_LEISA_Alice_2b 
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Abstract:  The anticipated 14 July 2015 New Horizons 

fly-through of the Pluto system provides the first oppor-

tunity to determine both the total system mass and the 

individual masses of Pluto and Charon by direct obser-

vation. This will be accomplished by use of: i)  two-

way Doppler radio frequency tracking data during in-

tervals along the fly-in and -out trajectory, and ii) one-

way uplink Doppler frequency recorded by the on-

board radio science instrument, REX, during the day of 

closest approaches to Pluto and Charon. Continuous 

tracking is not feasible as a result of pointing sharing 

with the instruments during the encounter phase. 

Needed radio tracking will be obtained during time 

slots shared with i) two-way Doppler tracking for navi-

gation, ii) 'plasma rolls' with the spacecraft antenna 

pointing to Earth, and iii) during the ingress and egress 

phases of the occultations.   Simulations of the NH 

encounter indicate the potential accuracies of the com-

bined and individual mass determinations of Pluto and 

Charon in the order of 0.1%.  
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Figure 1: Illustration of the New Horizons long-range
flyby circumstances for 2011 JW31, 2011 JY31, and
2011 HZ102, three objects we discovered in the course
of our search for a post-Pluto flyby candidate. Top
panel illustrates physical range vs. time, and bottom
panel illustrates apparent V -band magnitude vs. time.
Bottom panel bands indicate range of plausible phase
functions. LORRI is capable of detecting objects to
∼ 17th − 18th magnitude[1], though the faintest end
requires long (resource-intensive) exposure times.

Introduction: After its 2015 Pluto en-
counter, the New Horizons spacecraft will
sweep outward through the Kuiper Belt. We
are conducting a survey to identify a Kuiper
Belt object for the New Horizons spacecraft
to redirect toward and study at close range.
In the course of this survey, we have iden-
tified a number of Kuiper Belt objects that,
while too distant to be reached by the space-
craft, are nevertheless close enough (0.1−0.2
AU at closest approach) to be easily de-
tectable by the spacecraft’s LOng-Range Re-
connaissance Imager (LORRI) instrument.
Observations by LORRI will allow unique
measurement of Kuiper Belt Object phase
curves at high phase angles, possibly con-
strain shape models for a handful of these
objects, and permit a search for close binary
companions.

Potential targets: To date, the most
promising candidates for long-range recon-
naissance that we have identified in our sur-
vey are 2011 JW31, 2011 JY31, and 2011
HZ102. These three objects are all consistent
with being Cold Classical Kuiper Belt ob-
jects, on low-inclination, low-eccentricity or-
bits, with diameters of 50-100 km. All three
make their closest approach to the spacecraft
in 2018. Figure 1 illustrates their flyby tra-
jectories and visibility from New Horizons,
and demonstrates that each will remain de-
tectable to LORRI for many months.

1

aparker@cfa.harvard.edu


Scientific Value: Even though these objects’ closest approaches are too distant to allow
New Horizons to clearly resolve them, and the remaining fuel onboard the spacecraft is
insufficient to reach them, New Horizons will still provide a unique vantage point to study
these objects. As it flies by, it will view each object over a very large range of phase angles
that are impossible to view from Earth, providing otherwise unobtainable information about
the surface properties of “ordinary” Kuiper Belt objects. Monitoring rotational variability
as the spacecraft flies by may provide unique measurements of these objects’ shapes. Finally,
while binary systems are extremely common in the Cold Classical Kuiper Belt, the binary
fraction at extremely small separation is poorly constrained[2]. At a range of ∼ 0.1 AU,
New Horizons LORRI has an angular resolution many times better than HST and will
be able to search for very close binary companions. Such observations will provide novel
constraints on the origin of these binary systems, their component bodies’ physical structures,
planet formation processes in the distant solar system, and the Kuiper Belt’s collisional
environment[3,4].

Ongoing Survey: Our search for a post-Pluto Kuiper Belt target for New Horizons to visit
continues. We expect that other long-range candidates will be identified by our survey in the
near future, expanding the sample of these distant objects that we can uniquely investigate
from New Horizons.

References: [1] Cheng, A., and 15 co-authors. (2008) Space Science Reviews 140, 189. [2]
Kern, S. & Elliot, J. (2006) ApJL 643, L57. [3] Parker, A. & Kavelaars, JJ. (2012) ApJ 744,
139. [4] Nesvorný, D., Vokrouhlický, D., Bottke, W., Noll, K., Levison, H. (2011) AJ 141,
159.
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Introduction:  There are 10

12
-10

13
 comets, 

moved along elliptical orbits, in the Oort’s cloud [1]. 

Stars and gigantic molecular clouds, passing by near the 

Sun, set some comets of Oort’s cloud move into the 

internal part of the Solar system and these comets turn 

into short-periodic comets, long-periodic comets, para-

bolic comets or hyperbolic comets. The major planets 

may play an important role in this process [2]. There 

are only about 4557 comets in modern cometary’s cata-

logues [3], [4], [5]. Development of theoretical meth-

ods of localization  in space-time of undiscovered com-

ets, radiants of meteor streams and forecasting appear-

ances near Pluto uncatalogued minor bodies are of a 

special interest [6]. (It is considered up to day the dis-

coveries of comets are random and unpredictable [7], 

[8], [9]).  

A model of localizing of undiscovered yet any 

Pluto’s cometary family, based on the hypothesis of 

interaction of these bodies is presented below. 

A Model of Pluto’s Cometary Family 

Origin:  Let us consider a model of interaction of a 

comet with a preliminary parabolic heliocentric orbit, 

and a planet of mass Mpl [10], [11], [12]. The comet at 

the perihelion of the heliocentric orbit closes with the 

planet, which moves   along circle orbit radius of which 

equals rpl with velocity  Vpl. An initial angle between 

the orbital planes of the comet and the planet is equal to 

i0 .  The process of interaction of the comet and the 

planet will be considered like momentary turn of ve-

locity vector Vc of the comet, experienced the closest 

approach of the planet.  An angle of turn θ of the comet 

velocity vector (in the sphere of action of the planet) is 

maximum, if the comet approaches with the planet at 

the minimal distance without destroying. For this dis-

tance we take the   radius of the planet  Rpl. (Roche limit 

is not taken into account). A target parameter of the 

comet is ρ should be in excess of ρcrit  (for the ρcrit  

rmin=Rpl), otherwise the comet will collide with the 

planet and recover from further existence in the given 

model of motion. The comet with velocity of V enters 

into the sphere of influence of the Sun - mass is MSun. 

Setting for the heliocentric motion rpl ≈ r (for the mo-

ment of time of “collision’ of comet and planet) we 

determine by analytically tractable an angle of turn  θ of 

a velocity vector of the comet in the sphere of influence 

of the  planet, a semimajor axis a, an eccentricity e, true 

anomaly v of  the comet  for the new heliocentric orbit  

(after scattering) the comet by gravitational field of the 

planet and egress of this object  from the sphere of the 

planet influence) and an angle α between   the heliocen-

tric radius–vector of comet r and the vector of the heli-

ocentric velocity V. The new perihelion distance of the 

comet denote by q=rP. The new aphelion distance of the 

comet denote by Q=rA.  The parameters of the final 

orbit of the comet are concerned with some parameters 

of the original (parabolic in accordance with the model) 

orbit of the comet as well as the parameters of the plan-

et by the following formulae, corrected with reference 

to [10], [11], and [12]:  
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Further, in the expressions (1) – (4), will be 

put - the planet moves in the plane of ecliptic. (Here an 

analytical model of migration of comets is used, but the 

most of researchers prefers to use numerical integration 

of equations of motion of celestial bodies in order to 

clear out the details of this migration process and espe-

cially details of the process migration of minor bodies 

from the Kuiper’s belt). 

Parameters of Pluto’s  Cometary Orbits 

Family:  In this section parameters of the cometary 

orbits after the unobserved before now comets, moved 

from the periphery of the Solar system  into the Pluto’s 

orbit, closest approach with Pluto are presented. Using 

numerical values of the known parameters of Pluto and 

equations (1) – (4), for various numerical values of i0 , 

it is easy to find parameters of the final cometary’s or-

bit:  i, ν’, a, e, v and then it is possibly to determine the 

instant of time and the true anomaly of the comet, when 

it crosses (or only approaches) the orbit of Pluto. These 

facts are proposed to use for searching for unknown 

comets, “meteor streams” and meteoroids near Pluto.   

For an example let consider two parabolic comets.  

Both of them at the perihelion of the heliocentric orbit 

pass near Pluto. We assume [6] aE =149.597·10
9
 m, 

MSun=1.989·10
30

 kg, Mpl=13.09·10
21 

kg, 

rp=5.906440628000·10
12

  m. Rpl=1150000 m. 
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 In accordance with the given above model and 

using formulae (1)–(5) put the result of calculation into 

the Table 1. 

    Table 1.  Parameters of hypothetical final heliocen-

tric orbits of comets (meteoroids) after close approach 

up one radius of Pluto. The original heliocentric orbits 

of the comets are parabolic. Initial inclinations of the 

orbital planes of these comets equal i0=0º and i0 = π/5. 

(See also text).  

i0 , deg 0 35.99999 

ν' 0.02708 0.002055 

a, AU 879.71988 33319.97411 

e 0.95554 0.99881 

i, deg 0 35.9019 

cos(v) 0.98062 0.99415 

q, AU 39.1086 39.3669 

Q, AU 1720.3311 66600.5813 

 

In figures 1, 2, 3 some parameters – i, e, a - of 

Pluto’s cometary family final orbits depended on i0 are 

presented. 

Conclusion: The observational and theoretical 

works of such kind will be favor the development of 

methods for searching of unknown minor bodies based 

on the known positions of major bodies of the Solar and 

exosolar systems [10]. It is interesting to check up these 

results with help of “New Horizons”. 
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Fig. 1. Initial (i0, rad) and final inclinations (rad) of 

(any) Pluto’s cometary family in the considered celes-

tial mechanical model.  

 

 
Fig. 2. Initial inclinations (i0, rad) and final 

eccecentricities of (any) Pluto’s cometary  family in the 

considered celestial mechanical model.  

 

 
Fig. 3.  Initial inclinations (i0, rad) and final semimajor 

axis of (any) Pluto’s cometary family in the considered 

celestial mechanical model.  
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Introduction:  Evolution of the Pluto’s system is 

one of the modern astronomy unsolved problem [1], 
[2].  Now it is known 5 natural satellites of Pluto and is 
not revealed any ring near this dwarf planet [3].   

At Pulkovo, using 62-years series observations, new 
effects in the system of Pluto–Charon  have been dis-
covered [4]. Particularly, periodic variations of the 
magnitude of Pluto with period of P=7.76 years are 
found.  

In the frame of celestial mechanics we put forward 
and investigate a hypothesis of the orbital evolution of a 
ring or an unclosed ring  (system of any rings) spaced  
near Pluto introduces the period  P to account  for the  
time dependence of magnitude of Pluto (or Pluto’s sys-
tem).   

A Method of Localizing of (Any) Ring of Pluto:  
From the epoch of Lagrange to the present time there 
are several striking examples of successful theoretical 
predicting of the existence of unknown  celestial bod-
ies. These bodies are observed in reality years after they 
have been advanced theoretically [5], [6].  

The integrable in closed form celestial mechanics 
problems play the most important role in such theoreti-
cal methods of localizing previously unobserved astro-
nomical bodies [7].    

We shall try to consider (any) ring of Pluto using 
the integrable (in quadrature) problem of evolution of a 
satellite orbit under the combined effect of flattening of 
the central planet and attraction of a sufficiently distant 
external body. As a first approximation the secular evo-
lution of the satellite orbit is described by equations in 
elements with mean of the perturbed  function  with  
respect to short-period variables e.g., mean anomalies 
of the satellite and perturbed point (only Charon is con-
sidered), barring commensurabilities of the lowest or-
ders between periods. Such averaging is performed 
independently and gives (in Hills’ approximations) the 
following expression for the secular part of perturbed 
function [8]   

W=(3/16)μ1a2a1
-3[2(e2–sin2(i))+e2sin2(i)(5cos(2g)–

3)]+(3/8)μa0
2c20a-3(1-e2)-3/2[–1/3–cos(2i)+2s(1–

s2)1/2sin(2i)cos(Ω)+2s2(sin2(i)sin2(Ω)+cos(2i))].         (1) 
If the equatorial plane of Pluto and the orbital plane 

of Charon coincide (inclination i1=0º) then sin(i1) =s=0. 
Here, i is the inclination, Ω  is the longitude of the as-
cending node, and g is the argument of periapses. These 
elements of the osculating particle’s  orbit refer to the 
plane of Charon’s orbit an the first Point of Aries; a is 
the semimajor axis and e is the eccentricity of the parti-

cles orbit; μ and μ1 are the products of the gravitational 
constant by the mass of Pluto and Charon respectively, 
c20 is the the coefficient of the second  zonal harmonic 
of the gravitational field  of Pluto (at the first time ap-
proximately estimated in the work [6]); a0 is the mean 
equatorial  radius of Pluto, t is Newton’s uniform time; 
a is the semimajor axis  of the circular orbit of Charon 
(e1=0.0030 [1])  Using the equation (1) we may derive 
the equation for determination of an admissible  regions 
of parameters of orbits of hypothetical particles with 
known evolutionary period P. Computing the value of 
the corresponding integral [2]:   
we consider only the case of circulation of the parame-
ter g (we ignore the libration of g that is no less practi-
cally important case).  The numerical values of the hy-
pothetical particles orbits parameters with known evo-
lutionary period P are received using the parameters of 
the Pluto–Charon system [1], [2], [6]. 

Let the initial value of the particle periapses argu-
ment equal g0=0º, and the final one  (quarter period 
passes) equal gk=π/2. The results of calculating in ac-
cordance with considered model is presented in fig.1. 
The figure shows the arrangement of the isochrones 
P=7.76 years. The isochrone is in agreement with the 
period of the hypothetical particles orbital motion. The 
motion of the particle’s orbits line nodes (Ω) and evolu-
tion of inclination (i) do not consider at once. The ex-
tracted celestial mechanical model results for small 
values of e and i show there is a spatial region in the 

system of Pluto-Charon where the keplerian periods  

are equal and the periods of the  particles orbits argu-

ment motion are also equal (the error is about 1%) and 
the values of e and  i of these  orbits distinctly differ. In 
the figure the curve steeply slopes down in this region. 
The corresponding periapses of hypothetical particles 
orbits lie between the limits 2510 km and 2520 km 
from the center of Pluto’s mass. The orbital periods are 
distinguished from each other by about ΔT/T= (3/2) · 
(Δa/a) ~0.01. The characteristic size of the spherical 
layer in the considered region is equal to h=440 km 
(a=2515 km, i=10º). So, if the region with periodic var-
ying of concentration of the non-interacting particles in 
the Pluto’s system has such size then the scope for the 
new interpretation of periodic time-varying brightness 
of Pluto is revealed.  

Modeling of the Lifetime of Ring Particles in the 
Presence of Pluto’s Atmosphere:  In order to estimate 
the lifetime of the hypothetical ring particles located 
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near Pluto and moving in a resisting medium the equa-
tion (2) will be under consideration [9].  

d2r/dt2=–GMPlr/r3–(1/2)ρAVVSCD/m              (2) 
Here, r is a radius vector of the ring‘s particle with 

respect of Pluto’s mass center? G and MPl are the gravi-
tational constant and mass of Pluto, respectively, m is 
mass of the particle, ρA – is density of Pluto’s  atmos-
phere, S  is a drag area, CD is a dimensionless  drag 
coefficient, V is a vector of velocity of the particle in 
respect of the surrounding  medium. In accordance with 
data   of [1] we may estimate the lifetime of different 
ring’s particles/ The lifetime of the large–size (R=1 m) 
and dense (ρ=1000 kg/m3) particles (T=35 K, PS=0.1 
Pa) are in factor of 107 excess over the life time of  
small dimensioned  (R=0.1 m) and the friable (ρ=100 
kg/m3) particles (T=45 K, Ps=1 Pa), where T and Ps are 
temperature and pressure  (CH4, NH3, H20) near the 
surface of Pluto. It means an old ring of Pluto (the life-
time equals 109 years) must contain large-sized objects 
and a new one (the life-time equals 105 years) may con-
tain small –sized objects and, possibly, the large sized 
objects.  The hypothesis considered here in respect of 
the origin of the period 7.76 years in the Pluto’s system, 
we see: the applicable bodies are not discovered yet, but 
their lifetime may be of cosmogony order (109 years) in 
rare Pluto’s atmosphere.  It should be noted that the 
model of restricted  three body problem (The SUN–
Pluto–Charon) the life4time of Charon before its colli-
sion with Pluto  is estimated  about 5.5·108–3.4·1011 
years [2].  

It will be interesting to compare the results given 
here with the results of forthcoming investigation of 
Pluto’s system (and others triple systems). 
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Fig.1. Isochrone (7.76 years) in the plane “semima-

jor axis (a) and inclinations (i)” for perturbed motion of 
periapses of any hypothetical particles moved near 
Pluto. Moreover, for small inclinations (i<10º) particles 
moves around Pluto almost with one and the same Kep-
ler’s period, forming a thor. Only gravitating of Charon 
is taken into account. 



Trends in Pluto’s Atmosphere from Stellar Occultations 
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Introduction:  Since the first clear measurements 

of Pluto’s atmosphere via stellar occultation in 1988 
(1), observing these events has remained the most prac-
tical means of monitoring Pluto’s atmosphere from 
Earth.  In this time, we’ve seen remarkable changes in 
Pluto’s global atmosphere, such as the doubling of sur-
face pressure between 1988 and 2002 (2), as well as 
tantalizing hints of continuing change in detailed dy-
namics, such a planetary waves (3), and evolution of 
the atmosphere’s low level thermal gradients and haze 
layers, when present. 

 
Global Changes:  Aside from the notable increase 

in pressure between 1988 and 2002 seen by several 
groups (2, 4), Pluto’s overall global pressure has re-
mained fairly stable through the last decade, though 
with a statistically significant decrease in half-light 
pressure level of about –1.2 ± 0.2 km/year (5).  (See 
Figure 1.)  It is expected that this slow decline pressag-
es a total collapse of the atmosphere (6), but models 
differ on the exact timing of this seasonal event (7). 

 

 
Figure 1: The half-light radius of Pluto’s atmos-

phere as measured by stellar occutlations.  Stellar oc-
cultation measurement are plotted versus year of ob-
seravation with the dark points and error bars, while a 
representative pressure model (6) is over plotted with 
the dashed line.  Note the decreasing slope in recent 
years, with the exception of the anomalous 2010 meas-
urement. 

 
Detailed Changes:  Beyond these basic changes 

however, are trends in detailed wave activity (3, 5, 8, 
9), and lower atmospheric behavior.  Evidence of par-
ticulate haze in the lower atmosphere has appeared (1, 
10, 11) and vanished (3, 12) over the last decade.   Al-
so, the transition level from the upper-atmospheric be-

havior (a shallow thermal gradient to a severe gradient 
or haze layer) has dropped over the last several occulta-
tions (5, 13, 14) and the lower atmospheric onset has 
changed from a sharp transition (1) to a more gradual 
onset (5, 15) over this same period. 
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Introduction:  In all the time Pluto has been ob-

served since its discovery in 1930 (1), we have seen it 
pass through only one third of its orbital period.  Even 
worse, from the first occultation observations providing 
clear evidence of an atmosphere (2), we’ve witnessed 
only 10% of a Plutonian seasonal cycle.  A full under-
standing of Pluto’s seasonal evolution will require dec-
ades (if not centuries) of more data, and constant rein-
terpretation of past data throughout this period.   

Thus it is imperative to preserve past data, not only 
from simple destruction or loss, but also against failures 
in understanding of previous work, or lack of the neces-
sary context needed to compare the data to future ef-
forts. 

Here we present a framework for structuring data 
acquired from stellar occultation probes of Pluto’s at-
mosphere, and a consistent format for storing this data 
in a fully accessible archive such as the Planetary Data 
System. 

 
Occultation Data Framework:  For the foreseea-

ble future, we expect stellar occultations to remain the 
only plausible means of regularly monitoring changes 
in the pressure and temperature structure of Pluto’s 
atmosphere.  Even assuming the hoped-for revelations 
of the New Horizons flyby, maintaining a reliable oc-
cultation record to establish long-term trends in atmos-
pheric conditions will be crucial to providing a baseline 
for the instantaneous observations made during the fly-
by.   

We present a framework for archiving Pluto stellar 
occultation data, in order to preserve this vital infor-
mation for future investigators. 

The framework has been developed based upon the 
following guiding principles: 

1) Independent occultation observers should be 
able to add their data to the archive without 
requiring contact with or information from 
previous observers of the same event or ref-
erence to their analyses/pipelines. 

2) The framework should be flexible enough to 
include occultation data from varying 
sources, methods, and analysis techniques, 
without losing the richness provided by each 
individual measurement system, but also 
without requiring numerous inappropriate en-

tries for datasets that do not need them (e.g. 
simultaneous multi-wavelength light curves 
versus simple optical timing measurements). 

3) Researchers wishing to use data from the ar-
chive should be able to do so without needing 
to contact any outside source (such as the 
original observers) to explain or otherwise 
provide context for the archived data. 

 
Archive Progress:  Data are being currently ar-

chived in the PDS Small Bodies Node.  We present a 
list of occultations that are currently archived as of this 
posting, including those that had to be rearchived in our 
new format, and an approximate schedule for the ar-
chiving of other datasets available to the authors.  We 
also encourage others groups to similarly archive their 
data with the PDS using this framework, and provide 
recommendations for expanding this effort to other 
bodies beyond Pluto. 
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IRAC/SPITZER photometry of the Pluto-Charon System. 
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Abstract: We present photometry of the Pluto-
Charon system obtained with IRAC/Spitzer at eight 
different longitudes on Pluto's surface. Our aim is to 
study the surface composition of this icy object and 
how it changes with rotation. 

 
Introduction: Pluto's surface is known to be cov-

ered by volatile ices (e.g N2, CH4, C2H6 and CO, 
[1],[2],[3],[4]). It is also known to show patches of dif-
ferent albedo, attributed to differences in composition, 
with the brightest regions being richer in these volatiles 
[5]. The composition of the darkest regions is not well 
known, but it is thought to include complex organic 
materials.  These materials are expected to be photo-
chemical byproducts of the photolysis of Pluto’s at-
mosphere and the radiolysis of its surface.  

Recently, [6] obtained the first ultraviolet reflec-
tance spectrum of Pluto that shows a clear absorption in 
the ultraviolet. Although the authors cannot identify a 
unique absorber as the origin of this feature, it is also 
present on the reflectance of complex organic materials. 
Therefore the possibility of detecting complex organics 
on the surface of Pluto is promising. 

IRAC/Spitzer data have proven to be very useful for 
investigation of the surface composition of icy objects 
in the Kuiper Belt. Using IRAC photometry, [7] detects 
methane and water ice on the surface of the Dwarf 
Planet Sedna, and [8] suggests the presence of nitrogen 
on the KBO, Quaoar. Red complex organics are needed 
as well to model the shape of the reflectance spectra of 
both KBOs in the visible and NIR. 

 
Results and Analysis: We present fluxes at 3.6, 

4.5, 5.8 and 8 microns. These data were acquired at 8 
equally spaced observer sub-longitudes. As expected 
from the heterogeneity on the surface composition of 
Pluto, the IRAC data show rotational variability. 

Comparing these fluxes with the reflectances of ices 
and complex organics, we aim to shed light on the na-
ture of the different materials present on the surface of 
Pluto. For example: the band at 3.6 microns is particu-
larly sensitive to the presence of methane, water ice 
and/or complex organics (e.g., tholins). The band at 4.5 
microns is sensitive to the presence of nitrogen, carbon 
dioxide, and carbon monoxide ices. The spectral region 
covered by the 5.8 and 8.0 µm channels is less well-
studied than shorter wavelengths and therefore offers 
the possibility of unexpected signatures. 

We will also study how these materials are distrib-
uted over the surface by comparing the photometry at 
different longitudes on the surface of Pluto.  The IRAC 
lightcurves do not all follow published visible or com-
positional lightcurves [e.g., 9].  We will discuss these 
results in the context of secular evolution, different 
scattering properties of known ices at IRAC wave-
lengths, and the possibility of ices not detected at short-
er wavelengths (e.g., CO2). 
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Introduction:  The planetary migration of the giant 
planets as suggested by the Nice model [1] creates  a 
dynamical mechanism to reproduce the distribution  of 
objects currently observed in the Kuiper Belt. Through 
this mechanism planetesimals interior to about 14 AU 
were delivered to the belt after a temporary eccentric 
phase of Uranus and Neptune’s orbits. At this time, the 
region interior to 1:2 mean motion resonance (MMR) 
with  Neptune  is  no  longer  chaotic,  then  the  bodies 
transported from orbits closer to the Sun outward can 
remain  trapped  [2].  Since  there  were  multiple 
planetesimal-planet  encounters  in  this  scenario,  we 
performed N-body simulations of the Nice model [1], 
and recorded the trajectories of the planetesimals during 
close approaches with the giant planets. The effects of 
the formation scenario as proposed by [1] were tested 
on passing binaries like Pluto-Charon.

Pluto-Charon  binary  was  proposed  to  be  formed 
through a collision between two massive protoplanets 
orbiting  the  Sun  [3],[4].  The  current  low  total  mass 
estimated in the Kuiper belt is unable to form ≥ 100 km 
sized TNOs [5] around them. Thus, it is more likely that 
the system is  primordial.  The idea  that  Pluto’s  small 
satellites grew up from material ejected from Charon’s 
forming impact [4] is not totally accepted.  Since the 
Pluto  system  is  associated  with  the  gravitational 
scattering by Neptune, then it is necessary to investigate 
what are the effects of such event on Pluto’s members.

At this time, we know that the Pluto-Charon system 
has  4  small  satellites:  P5,  Nix,  P4  and  Hydra  (in 
increasing distance from Pluto, respectively) moving in 
circular orbits and coplanar with Charon. The results of 
our  analysis  naturally  put  some  constraints  on  the 
formation  of  Pluto-Charon  binary  and  its  small 
satellites.  

Metodology:  Initially we analyzed close encounter 
histories  of  objects  like  Pluto-Charon  through 
numerical  simulations  of  the  original  Nice  model, 
starting at about 875 My. This time is very close to the 
moment  when  Neptune  changes  its  position  with 
Uranus and becomes the farthest planet to the Sun. The 
numerical  simulations  using  the  original  model  are 
chaotic, so a small change in the program produces very 
different outcomes. 

These  numerical  simulations  were  performed  to 
obtain the current configuration of the giant planets and 
close  encounter  trajectories  of  the  planetesimals.  In 
those  simulations  Neptune  has  a  period  in  highly 

eccentric  orbit,  after  2.5  My  its  eccentricity  was 
damped. When the eccentricities of both ice giants are 
large, close approaches between planetesimals and the 
planets are very common. We recorded the encounters 
passing  smaller  than  1  Hill’s  radius  of  each  planet 
during 4 My. 

We  selected  particles,  only  those  in  hyperbolic 
trajectories with respect to Neptune, with 30 < a < 47.5 
AU, e < 0.5 and 4◦ < i < 40◦. We placed one Pluto-sized 
object  on  the  trajectory  of  each  close  approach  with 
Neptune and the secondary (Charon-sized body) with a 
equals  to  the current   Pluto-Charon  distance,  e<0.90, 
the  inclination,  the  initial  longitude  of  the  ascending 
node, and the mean longitude were randomly selected.

Results: Since the encounters with Neptune is the 
most common, we only use trajectories  of encounters 
with  this  planet.  About  19%  of  the  binaries  was 
destroyed: about 93% due to collisions between binary 
components,  while  destruction  due  to  the  mutual 
distance is enlarged to 1 Pluto’s Hill radius contributed 
at 7%. 

A large fraction (80%) of Pluto-Charon-like binaries 
do  not  become  unbound  at  the  end  of  all  close 
encounter histories. However, we have some issues for 
which we are working on, for example: the number of 
planetesimals in the MMRs with Neptune, like 3:2 or 
5:3,  is  too  small,  even  if  we  consider  the  classical 
Kuiper  belt  (a  larger  region of  non-resonant  objects). 
Therefore, we have changed our approach and now we 
use the model proposed by [2]-Run A to have a large 
number of captured objects as Plutinos, and to eliminate 
the chaotic behavior of the integrator.

Firstly,  we  performed  numerical  simulations  to 
obtain the successful configuration of bodies captured 
in the 3:2 MMR with Neptune, as Run-A by [2]. We 
used the same initial conditions to planets and the disk 
of  particles,  and  the  same  timespan  of  integration. 
Then,  we  have  particles  caught  into  3:2  MMR with 
Neptune in enough number to integrate binary orbits, or 
multiple systems like Pluto system. The results of these 
simulations will be presented.
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Introduction: The influx of interplanetary dust 

grains (IDPs) to the Pluto-Charon system is expected to 
drive the formation of tenuous dusty rings and/or exo-
spheres via bombardment. The characteristics of any 
potential dusty exosphere or ring systems are directly 
dependent on the total incoming mass, variability, and 
composition of interplanetary grains; however, our 
knowledge of the IPD environment in the Edgeworth-
Kuiper Belt (EKB) has, until recently, remained rather 
limited. Newly-reported measurements by the New 
Horizons Student Dust Counter combined with previous 
Pioneer 10/11 meteoroid measurements and a dynam-
ical IDP tracing model have improved the characteriza-
tion of the IDP environment in the outer solar system, 
including at Pluto-Charon. Here we report this model-
ing & data comparison effort, including a discussion of 
the IDP influx to Pluto and its moons, and the implica-
tions thereof. 

Interplanetary Dust Model: We use an interplane-
tary dust grain tracing code to model the dynamical 
behavior of dust grains originating from the EKB in the 
range of 0.5 – 25 µm. Each grain is subject to variety of 
forces, including solar and outer planetary gravitation, 
solar radiation pressure, Poynting-Robertson drag, and 
the electromagnetic interaction with the interplanetary 
magnetic field. The code also follows the size evolution 
of individual grains due to solar wind sputtering and 
sublimation, as applicable. The assumed composition of 
the dust grains is critical to modeling the IDP density 
and structure as differing composition can yield sputter-
ing and sublimation rates that vary more than two or-
ders of magnitude [1]. To date we have separately con-
sidered two distinct dust grain compositions: silicate 
and ice.  

To provide an absolute measure of the EKB density 
throughout the solar system, the model has been com-
pared to both Pioneer 10 and New Horizons Student 
Dust Counter (SDC) measurements [2,3]. Since SDC 
measures grains larger than approximately 0.5 µm 
while Pioneer 10 measured grains larger than approxi-
mately 3.5 µm, both the overall dust production rate 
from the EKB and the slope of the corresponding mass 
distribution have been constrained [4]. From these con-
straints, the density and mass distribution of micron-
sized EKB grains can be calculated throughout the solar 
system. Figure 1 shows the density of 10 µm EKB-
generated grains in (a) the ecliptic plane and (b) in the 
vertical plane. Mean-motion resonances dominate the 
behavior of dust grains outside the orbit of Neptune, 

yielding the complex density structure both radially and 
azimuthally. The character of these structures depends 
on the parent bodies (EKB classical, scattered or reso-
nant objects) as well as the dust grain size and composi-
tion.  

Influx to the Pluto System: Using the interplane-
tary dust model of EKB-generated grains, we trace 
through the model along Pluto’s orbit (rotated into the 
Neptune-centric frame) and interpolate local dust grain 
densities and velocity distributions for each grain size. 
As seen from Figure 1, the interplanetary dust environ-
ment at Pluto varies significantly along Pluto’s orbit as 
it repeatedly crosses the ecliptic plane (in addition to 
dust density variations circumferentially). At Pluto’s 

Figure 1: The relative density of 10 µm EKB dust 
grains in the Neptune-rotated frame both (a) in the 
ecliptic plane and (b) vertically. In (a), the orbits of 
the outer planets and Pluto are plotted. Additionally 
in (b) the Pluto trajectory in the r-z plane is overplot-
ted. 



greatest extent above or below the ecliptic plane, the 
dust density drops by more than an order of magnitude. 
Using the density interpolated along Pluto’s orbit, com-
bined with the dust velocity distribution and Pluto’s 
orbital velocity, we calculate the interplanetary dust 
influx to the Pluto system as a function of time 
(throughout one Pluto year), shown in Figure 2. Across 
all grains sizes, the flux peaks twice per Pluto year (t = 
0.1 and 0.75 Pluto yrs) corresponding with crossings of 
the ecliptic plane. Relative minimums occur at approx-
imately t = 0.4 and 0.9 Pluto yrs corresponding with the 
maximum vertical extent above or below the ecliptic 
plane. Notably, the IDP influx to Pluto changes by two 
orders of magnitude as it crosses the ecliptic and the 
main EKB dust disk.  

Implications: The influx of IDP grains is thought to 
drive the formation of tenuous dusty rings roughly cen-
tered on the orbits of Nix and Hydra, with relatively 
small contributions from Pluto and Charon [5-7]. To 
date, optical searches have not detected any signature of 
rings or tori in the Pluto system [8], yet theoretical and 
computational models have predicted their existence at 
levels just below current limits. Figure 3 shows the ge-
ometric optical depth of a simulated 5 µm ring originat-
ing mainly from Nix and Hydra [6]. These previous 
models, however, have relied on IDP influx estimations 
using well-known fluxes at 1 AU that are not valid in 
the outer solar system. Using the newly calculated IDP 
influx rate and mass distribution, we will re-visit our 
earlier simulation work on the Pluto-Charon ring/tori 
system [6]. In addition, we will address the role that 
external variation in the IDP influx to Pluto has in gen-
erating variability in the Pluto ring/torus system. 
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Figure 2: The influx of 0.5, 2, 5, and 10 µm EKB grains 
into the Pluto system as a function of time. Pluto’s aphe-
lion is marked as the dashed line, while perihelion is at 
t=0 or 1 Pluto years. 

Figure 3: The geometric optical depth of a simulated 5 µm 
ring in the Pluto-Charon system [6]. The dust torus is 
centered on the orbits of Nix and Hydra. 



Ejecta Transfer within the Pluto System
Simon B. Porter1,2 and William M. Grundy1, 1Lowell Observatory, 2Arizona State University (porter@lowell.edu)

Motivation: Pluto and its satellites form a uniquely
complex dynamical system. The small outer satellites
(P/5, Nix, P/4, and Hydra) are significantly smaller than
Pluto and Charon, small enough that even low veloc-
ity impacts can produce ejecta that is moving faster
than their surface escape velocity. This produces inter-
satellite dust that orbits the Pluto-Charon barycenter un-
til it is either ejected from the system or impacts one of
the objects. Very low velocity ejecta can produce rela-
tively long-lived dust orbits, which are a potential hazard
for spacecraft navigation. However, the slightly higher
velocity ejecta (>25 m/s) can be swept up by a different
object from the one it was launched off of. This ejecta
generally transfers inward, producing secondary impacts
on the more massive objects. The small satellites could
have transfered a considerable amount of material to the
surfaces of Pluto and Charon.

Simulations: We performed a number of computa-
tional simulations of dust trajectories after being ejected
from a small satellite. These simulations used a variable-
timestep implicit 8th-order integrator to evolve the N-
Body system. For each combination of source satellite
(Nix or Hydra) and ejecta velocity, we ran a large num-
ber of simulations randomizing the start time and the ini-
tial direction of the dust particle relative to the source
satellite. Due to the short lifetimes of the dust (<1000
days for nearly all impactors), we did not consider so-
lar radiation pressure, Poynting-Robertson or other non-
gravitational effects.

Dust Trajectories: The majority of dust trajecto-
ries fast enough to not be immediately swept up by their
source satellite will quickly leave the Pluto system. How-
ever, a fraction of the dust ejected from the small satel-
lites will impact a different satellite. Most of these im-
pacts are on to Pluto and Charon, though there is some
transfer between the small satellites. In general, dust
which leaves the smaller satellites at low velocities is
more likely to impact Charon, while higher velocity dust
favors Pluto impacts. The velocities required for the dust
transfer are quite low (>25 m/s), and can thus be pro-
duced by a wide range of primary impacts on to the small
satellites. Transfer from Charon to Pluto is possible,
but requires much higher velocity ejecta, and that ejecta
mush come from Charon’s Pluto-facing hemisphere.

Most low velocity trajectories do not impact on the
first orbit, but rather make several passages within the
orbit of Charon, or even Pluto’s barycentric orbit, before

encountering Pluto or Charon and either impacting or be-
ing ejected from the system at high velocity. On the other
hand, impacts from high-velocity trajectories generally
happen on the first orbit, if at all.

Impact Locations: The trajectory that the dust par-
ticle takes before it impacts will influence the location
it impacts. In general, low-velocity ejecta impacts onto
Charon are more likely on the leading, anti-Pluto quad-
rant. At higher ejecta velocities, though, the impacts on
Charon are uniform in longitude. On Pluto, the low ve-
locity ejecta is mostly on the trailing hemisphere, while
the higher velocity ejecta favors the leading hemisphere.
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Simultaneous N-Body Fits of the Pluto System
Simon B. Porter1,2 and William M. Grundy1, 1Lowell Observatory, 2Arizona State University (porter@lowell.edu)

Motivation: The small satellites of the Pluto sys-
tem provide a unique opportunity to make close obser-
vations of <100 km trans-Neptunian objects. However,
the New Horizons spacecraft has very tight pointing re-
quirements, and so their positions need to determined
with high accuracy to allow observations during the en-
counter. This is difficult, as they are in a tight-packed
system orbiting the Pluto-Charon barycenter, with many
mutual perturbations. Pluto and Charon can be modeled
very well by a circular Keplerian orbit. However, there
is additional precession in the orbits of the small satel-
lites from Pluto and Charon, and P/4 and P/5 are likely
perturbed by the larger Nix and Hydra. Thus, we sought
develop a method to simultaneously fit the entire Pluto
system as an N-Body system, allowing all perturbations
to fall out naturally. In addition, determination of the
masses of the small satellites will allow an estimate of
their density, thus hinting at their composition.

Fitting Methodology: To fit the system, we sought
a methodology that not only minimized the observed mi-
nus predicted error (χ2), but also minimized the uncer-
tainty of the fitted parameters. This was especially im-
portant, as we chose the parameters to be the masses,
positions, and velocities of the objects on the day of the
New Horizons encounter (JD 2457218.5). Thus, the fit
will naturally produce an estimate of the uncertainty of
the position of the objects at the encounter, as well the
uncertainty in the mass of the small satellites.

The basic configuration of the system is well known:
Pluto and Charon in a near-circular mutual orbit, and the
small satellites in near-coplanar, near-circular orbits cen-
tered at the Pluto-Charon barycenter. Thus, the fitting al-
gorithm can assume any initial solution it is given is close
to the real answer, but needs to be further optimized.
In addition, since the observational error is primarily
due to PSF-fitting, it can be approximated as Gaussian.
This allows the entire problem to treated as multivari-
ate normal distribution. Following after Muinonen et al.
[1], we assumed the probability of a particular solution
is proportional to w =

√
| Σ−1 | exp[− 1

2χ
2], where

Σ−1 = ΦT Λ−1Φ is the Fisher information matrix of
the input parameters, Λ−1 is the weight matrix of the
observations, and Φ is the matrix of the partial deriva-
tives of the error with respect to the input parameters.
χ2 = ΨT Λ−1Ψ, where Ψ is a matrix of the observations
minus the predicted positions.

√
| Σ−1 | is the Jeffreys

prior of the parameters, while exp[− 1
2χ

2] is the Gaussian

prior of the observations. To fit, we performed a Markov
Chain Monte Carlo optimization to maximize w.

The inverse of the information matrix is the covari-
ance matrix of the parameters, and the square root the di-
agonal elements of covariance matrix correspond to the
1-σ uncertainty for each parameter. We used this uncer-
tainty to scale the perturbations for the Markov Chain
Monte Carlo fitting.

Implementation: Many N-Body integrations were
needed to perform the fits. This was difficult, as the Pluto
system cannot really be modeled as a central-body prob-
lem. So, for most integrations we used an adaptive 12th-
order explicit Runge-Kutta-Nystrom integrator with tight
tolerance control. For the few times when this failed to
reach the required accuracy, the program would fall back
to more robust (but slower) implicit 8th-order Runge-
Kutta-Nystrom method.

The fitting program is designed to take in a given
state vector and then run a given number of optimization
iterations. The basic algorithm for this is:

1. Read in a given state vector.
2. Calculate its weight and uncertainty.
3. Perturb the state vector by random Gaussians us-

ing the width of the vector’s uncertainty.
4. Calculate the χ2 of the new vector; if too large,

return to step 3.
5. Calculate the full weight of the new vector.
6. If the new weight is higher than the old, save the

new and calculate its uncertainty.
7. Return to step 3 for as many times as requested.

Step 4 is especially important, as the calculation of
the partial derivatives is the slowest part of the program,
and should be avoided for poor solutions.

Results: We will present our fits for the masses and
positions of the small satellites using the best available
data, including at least Nix, Hydra, and P/4.
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Seen at high spectral resolution, the near infrared meth-
ane (CH4) ice absorption bands in Pluto’s spectrum are 
shifted toward shorter wavelengths compared to the 
central wavelengths of pure CH4 obtained in the labora-
tory. This shift, described by Schmitt and Quirico 
(1992), occurs when CH4 is dissolved at low concentra-
tions in a matrix of solid N2, and the magnitude of the 
shift varies from one CH4 band to another. In particular, 
the complex structure of the CH4 bands in Pluto’s spec-
trum indicates that there are two phases contributing to 
the absorptions. One component is formed by CH4 dis-
solved in N2, with shifted wavelengths as described 
above, and another arising from CH4-dominated ice 
with little or no wavelength shifts. The mixing ratio of 
pure and diluted CH4 ice can be studied via the wave-
length shift and depth of the CH4 absorptions in the 
near infrared.  
 
We performed laboratory transmission spectroscopy 
experiments of CH4 ice diluted in N2 and N2 ice diluted 
in CH4.  In particular, a systematic study of changes in 
CH4:N2 mixtures spectral behavior with mixing ratio 
has been conducted, in order to understand whether 
blueshifts of CH4-ice bands correlate with the amount 
of N2-ice. We report absorption coefficients of CH4 ice 
diluted in N2-ice for different mixing ratio. These data 
are applied to interpret high dispersion H and K bands 
spectra of Pluto acquired with the NACO instrument at 
the ESO VLT on 27 June 2008.  
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Abstract 
We are investigating the likely formation conditions 

of effusive cryovolcanic features on the surface of Tri-
ton, as an analog for the types of features that might be 
expected on the surface of Pluto. We examine candidate 
lava conditions and rheologies, and how they are ex-
pressed on the surfaces of these two icy bodies. 

Introduction 
Candidate cryovolcanic features have been identi-

fied on Europa, Enceladus, Titan and Triton, among 
other outer solar system satellites. Given that Triton is 
thought to be a captured Kuiper Belt object, its compo-
sition may be analogous to that of Pluto, and its surface 
features may be similar. 

Voyager 2 flybys of Triton showed signs of recent 
geological activity, as evidenced by the paucity of im-
pact craters on its surface [1]. Geyser-like plumes were 
observed, measuring up to 8 km high, apparently com-
prised of nitrogen gas and entrained dust [2]. These 
result in dark streaks on the surface (Fig. 1). It is 
thought that the plumes form through the overpressuri-
zation of shallow (a few meters) subsurface nitrogen, 
resulting in eruption through the overlying surface ice 
[2,3]. 

Other candidate features on Triton’s surface appear 
to have formed from, or to be associated with, wide-
spread effusive volcanism (Fig. 1). These include vast 
“walled plains”, subcircular depressions 100-400 km in 
diameter, which appear to be almost filled with smooth, 
relatively young plains material; ring paterae, subcircu-
lar features 50-100 km in diameter which are defined 
by a scarp or a ring of coalescing pits, and may contain 
smooth plains material; pitted cones, small conical hills 
typically 4-7 km in diameter with summit pits; and pit 
paterae, circular to elongate depressions which may 
have raised rims, are typically 10-20 km in diameter, 
may occur singly or in chains, and which are associated 
with larger patches of smooth material. In addition Tri-
ton’s surface exhibits terrain containing numerous qua-
si-circular, closely-spaced shallow depressions called 
cavi, ~25-35 km in diameter with slightly raised rims, 
which are interpreted to have formed from diapiric 
upwelling of subsurface material [4]. Triton’s most 
enigmatic surface features are the guttae, huge lobate 
features 100-200 km across and inferred to be at least 
tens of meters thick, which are surrounded by a bright 
aureole ~20-30 km wide (Fig. 1). The smooth surfaces 

and lobate edges of the guttae suggest extrusive materi-
als that have flowed in a viscous manner. The dual al-
bedo of these features is highly unusual. 

Triton’s surface composition is primarily comprised 
of frozen nitrogen (55%), water ice (25-35%) and car-
bon dioxide ice (10-20%), along with traces of me-
thane, ethane and carbon monoxide [5]. Ammonia di-
hydrate is predicted in the lithosphere [6] but no am-
monia has been detected on the surface. 

Pluto’s surface appears very similar to Triton’s, and 
is predominantly comprised of nitrogen, with traces of 
methane, carbon monoxide and ethane. Water ice and 
carbon dioxide have not yet been detected. Methane is 
found to be widespread in high albedo surface regions, 
and in some locations appears to be pure ice [7]. 

The temperatures of Triton and Pluto are similar; 
Triton’s average surface temperature is ~40K, and 
Pluto’s surface temperature varies across the surface, 
from ~40K regions where N2 ice is actively sublimat-
ing, to ~60K where N2 ice is not abundant, probably as 
a result of strong winds and corresponding lateral 
transport of material across the surface [7]. 

Method 
We use analytical modeling to investigate the cool-

ing times of a suite of candidate lavas on the surface of 
Triton. Using the dimensions of several effusive vol-
canic features as constraints, we infer the conditions 
necessary to form them. We then extrapolate our results 
to anticipate the types of features that might be found 
on Pluto.  

Previous workers have suggested that H2O would be 
the most abundant component of magmas on Triton, of 
which CH4, N2, CO, and CO2 may also be constituents 
[8]. Based on cosmochemical arguments and the pro-
posed rigidity of putative volcanic constructs, it has 
also been suggested that ammonia–water lavas, in the 
form of NH3-2H2O, may be prevalent on Triton’s sur-
face [5, 9-11]. We consider lavas that would be pro-
duced from melting in the NH3-H2O and CH4-CO sys-
tems, as well as pure compounds that are components 
of these systems (e.g. pure H2O, NH3, CH4, etc.), and 
CO2 and pure N2 as candidate lavas on Triton’s surface. 
Based on cosmochemical grounds and its projected 
bulk composition [e.g. 7] we expect that lava flows of 
similar composition may exist on Pluto. All candidate 
lavas are assumed to erupt at temperatures greater than 
or equal to their eutectic temperatures and lava flows 



are presumed to be rendered immobile when they have 
completely cooled to the background temperature of 
their surroundings. Cooling times for lava flows are 
represented by: 

 

! = !!

!!!!
                          (1) 

 
where y is the thickness of the flow, in meters, κ is the 
thermal diffusivity of the lava, in m2/sec, at the back-
ground surface temperature, and b is an empirical con-
stant describing the ratio between the energy required to 
change the temperature of the flow and its latent heat of 
crystallization [12].  

Preliminary results suggest that a 50-m thick NH3-
2H2O lava flow erupting at 176 K into Triton-like con-
ditions, where the surface temperature is approximately 
40 K, κ = 1 x 10-5 m2/sec, and b = 0.47, may take as 
long as ~ 8 years to completely crystallize. In order for 
such a flow to fill a circular depression that is 100 km 
across, such as might be found in the walled plains 
units, before complete solidification occurs, it must 
have a discharge rate of  ~ 1500 m3/sec, or a mass erup-
tion rate of 1.4 x 106 kg/sec. For a surface temperature 
of 60 K, as would be the case in some regions on Pluto, 
κ would equal 4.5 x 10-6 m2/sec, b = 0.5, and the flow 
would take almost twice as long as the time quoted 
above to cool. A smaller discharge rate on the order of 
700 m3/sec (mass eruption rate of 6.6 x 105 kg/sec) 
would be required to form a similar feature under these 
conditions. These calculations assume an NH3-2H2O 
lava density of 945 kg/m3 [4] and viscosities O(10) Pa-
sec, similar to terrestrial basalt [9].  

 
 

These results indicate that lavas erupting at 176 K 
would take more time to cool to a 60 K background 
surface temperature than they would to cool to a 40 K 
background surface temperature. Warmer average sur-
face temperatures (i.e. T ~ 60 K) in some areas on Pluto 
may mean that volcanic features similar to those ob-
served on Triton can be formed on Pluto by lavas with 
lower discharge rates than their counterparts on Triton. 
This concept will be further explored in our final analy-
sis. 

Imagery suggests that several candidate volcanic 
features on Triton are rigid enough to preserve impact 
craters. Hence, lava more viscous than NH3-H2O, such 
as ammonia-water lavas containing methanol, or pure 
CO2 lavas, may have formed these features. In our final 
analysis we will explore other candidate lava composi-
tions and their rheologies and further investigate the 
implications for the formation of volcanic features on 
Pluto.   
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Figure 1: Triton’s candidate volcanic features include smooth lavas (left), and guttae and plume streaks (right).  
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Introduction: Pluto, Charon, and the other bodies 
in  that system are typically compared to transneptunian 
objects (TNOs) due to similar histories and composi-
tions. However, as we learn more about the largest as-
teroids and the overlap betwteen the asteroidal and 
cometary populations, it seems clear that the asteroids 
can provide interesting context for the exploration of 
the Pluto system, and what we learn about that system 
will inform asteroidal studies. 

The largest asteroids: Ceres is the only object in-
side the orbit of Neptune classified as a “dwarf planet” 
by the IAU criteria. Its density (2077 +/- 36 kg/m3) and 
the HST-derived shape model has been interpreted as 
requiring an icy shell above a rocky core,  consistent 
with models of Ceres’ interior and thermal history. 
Ceres’ density is comparable to that of bodies typically 
thought of as icy, including the Galilean satellites, 
Quaoar, Triton, and Pluto itself.  

However, the surface temperature of Ceres (and, in-
deed, all main-belt asteroids) is too warm to maintain 
volatiles at its surface. Its surface reflectance spectrum 
is low albedo and relatively featureless in the visible-
near IR (0.5-2.5 µm), reminiscent of the carbonaceous 
chondrite meteorites. However, at longer wavelengths 
several absorption features are seen that are not found 
in carbonaceous chondrites: bands at 3.07 and 3.35 µm 
interpreted as brucite and carbonates (though interpret-
ed as due to ammoniated phyllosilicates by earlier 
workers), and additional carbonate bands in the  
3.8-3.9 µm region.  

These brucite and carbonate features indicate heavy 
aqueous alteration of olivine in the presence of carbon 
dioxide. Interior modeling of Ceres suggests that these 
alteration products could have been brought to the sur-
face either via cryovolcanism and left behind after the 
sublimation of the ice lava, or a direct lag deposit if the 
ice shell had access to the vacuum of space. 

It was long thought that Ceres was unique among 
the asteroids in its 3-µm spectra, but several other of the 
largest asteroids, including 10 Hygiea and 704 Interam-
nia, also appear to have similar absorption features. 
This suggests similar surface mineralogies and the pos-
sibility of similar histories. It is also the case that the 
largest asteroids tend to be low-albedo and carbona-
ceous in composition, with notable exceptions. Could 
the similar-sized objects in the TNO region have also 
shared similar histories? 

Dynamical arguments: The possibility of similar 
histories for asteroids and TNOs is also raised via dy-
namical models that have been developed over the last 

decade. Taken as a whole, the Nice Model and Grand 
Tack suggest post-formation mixing between volatile-
poor/silicate and volatile-rich/carbonaceous populations 
of small bodies may have occurred on a large scale. 
However, competing models are also under develop-
ment that do not require such mixing. At this point, it is 
not obvious which model will be most consistent with 
additional data, but it does seem obvious that additional 
constratints will be generated through the New Hori-
zons visit to the Pluto system and additional TNOs. 

Some hand-wavy specifics: We might imagine the 
interior evolution of ~few 100km scale objects to be 
functions of composition, size, radiogenic elements etc.. 
The surface temperature, while very different between 3 
and 30 AU,  seems unlikely to have much of an effect 
besides the thickness of any original, unmelted layer. If 
both Ceres and a similar-sized TNO (like Quaoar) 
formed at similar distances and accreted similar materi-
als, we might expect similar interior evolution. In the 
case of the TNO, any erupted volatiles would remain on 
the surface rather than subliming away, but a compari-
son of the non-ice material on the surfaces of TNOs to 
the surfaces of large asteroids could provide insight into 
how similar or different their original composition and 
subsequent evolution was. 
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Introduction: The thermal evolution of Pluto and 

Charon is a key question in planetary geophysics [1,2]. 
In particular, the possibility of subsurface oceans be-
neath the ice shells of these dwarf planets is of particu-
lar interest to astrobiological investigations [3] as their 
existence may significantly extend the habitable zone of 
our Solar System [2]. Models of thermal evolution [2,4] 
are strongly dependent upon the interior structure [4,5]. 
At present, only the orbital parameters [6] and masses 
of these bodies are at all well known [7,8]; there is sig-
nificant uncertainty even as to the radius of Pluto [9]. 
Information regarding the silicate fraction, differentia-
tion state, and depth to and extent of any putative sub-
surface oceans are model-dependent [2,4,5]. However 
these parameters strongly control the thermal evolution 
of icy satellites and Kuiper Belt objects [1,2,10-12]. For 
example, recent studies [2] suggest that the existence of 
an ocean strongly depends on the radioactive heat pro-
duction and ice viscosity. 

The New Horizons mission [9,13] will enable 
measurements that will improve constraints on these 
key geophysical parameters. Here I describe a method 
in which imaging and topographic data returned by the 
spacecraft can be used to develop a shape model, de-
termine tidal parameters, and thereby constrain the inte-
rior structures of Pluto and Charon. 

Shape modeling: The primary science objectives of 
New Horizons include characterizing the global geolo-
gy and morphology of Pluto and Charon, and involves 
hemispheric imaging data at 0.5 km/px [9,13], and re-
gional data as high as 75 m/px at closest approach [13]. 
These imaging data can be used to construct topograph-
ic maps of the surfaces using stereophotoclinometry 
(SPC), a technique by which images at different illumi-
nations are used to solve for topography and albedo in 
small "maplets." A key strength of SPC is the ability to 
use a variety of images at different illumination angles, 
viewing geometries, and resolutions, as will be obtained 
during the Pluto flyby. The topography can then be 
solved to the resolution of the best images used [14]. 
Another objective of New Horizons is the acquisition of 
a number of stereo pairs which can be used to inde-
pendently infer heights. The stereo and SPC topography 
reconstructions will be used to create a new shape mod-
els for Pluto and Charon. 

Tidal parameters: Pluto and Charon are mutually 
synchronous, and indicate the end state of tidal evolu-
tion [6], where each body has deformed the other into a 

prolate ellipsoid. Although determining time-variability 
of the tidal bulge and potential is impossible during a 
single flyby (and is likely to be small), the static equi-
librium tidal amplitude H should be discernable. Analy-
sis of the shape models can reveal the long-wavelength 
displacement of the surface with respect to the ellip-
soid; that is, the degree-2 displacement Love number 
h2. For a homogeneous body, this cam be written simp-
ly as 
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where R and M are the radius and mass respectively of 
the body, MT is the mass of the tide-raising body, and a 
is the semi-major axis of the orbit. h2 for layered bodies 
is somewhat more complicated and diagnostic of the 
interior structure, as discussed in the next section. 

Interior Structure: h2 is essentially a measure of 
the globally-averaged rigidity of a planetary body, and  
can be used to infer the interior structure. In particular, 
h2 will be helpful in assessing the differentiation state 
of the interior, as a differentiated body will deform less 
than a homogenous one [15]. I use the propagator-
matrix tidal code TiRADE [16] to compute the Love 
numbers for a sequence of Pluto and Charon internal 
structures consistent with the observed bulk mass and 
radius, but with different degrees of mass concentration 
in the center. Figure 1 shows these curves for Pluto as a 
function of core density.  

I note that the solutions are inherently non-unique. 
There is a strong tradeoff between the rigidity and 
thickness of the outer layer (e.g. ice shell above a sub-
surface ocean). However, identification of tidal defor-
mation from the shape models will improve constraints. 
Moreover, it is to be hoped that estimates of long-
wavelength gravitational parameters J2 and C22 can be 
inferred from radio tracking. These can be used to esti-
mate the potential Love number k2. Knowledge of this 
parameter serves as a further constraint on the interior. 
In particular the ice shell thickness is more uniquely 
dependent on the tidal tilt parameter Δ = 1 - h2 + k2 
which largely filters out density variations and core 
properties.  

Conclusions: Shape models of Pluto and Charon 
derived from imaging data obtained during the New 
Horizons flyby should be of sufficient measure the stat-



ic equilibrium tidal bulge, and to obtain estimates of the 
degree-2 displacement tidal Love number. This esti-
mate can be used to constrain models of the interiors of 
Pluto and Charon; in particular, their degrees of differ-
entiation, and likelihood of subsurface oceans, and es-
timates of their depths. The fidelity of these estimates 
can be improved if simultaneous measurements of de-
gree-2 gravitational parameters can be made (e.g. with 
radio science). 
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Figure 1: Degree-2 tidal Love numbers for Pluto interior 
structures consisting of a pure water-ice shell above a rock-ice 
core, assuming no ocean. Left-most point is for a homogene-
ous interior; right-most is fully differentiated. 
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Introduction: Surface compositions of small 

bodies in the outer Solar System are derived mostly 
through analysis of measurements in the visible and 
near-infrared (NIR), with estimates of albedo, 
photometric colors and diagnostic spectral features [1]. 
Centaurs and trans-Neptunian objects exhibit low 
surface albedos. Some of the widest color variation of 
any other Solar System population, ranging from 
neutral gray to the reddest colors and lack 
distinguishing absorption features apart from some 
hints of water ice, for all but the largest objects [2, 3].  

Small bodies in the outer Solar System are believed 
to be rich in ices, hydrocarbons, complex organics, and 
more refractory carbon-rich materials, such as 
amorphous carbon [4]. A mixture of these materials, 
together with other rock compounds, should be 
responsible for the spectral colors of small icy bodies. 
Complex organic materials on such surfaces likely 
include a primary native component that accreted 
during planetesimal formation epoch, and a secondary 
component that is a by-product of ion and photon 
irradiation of simpler C-bearing volatile compounds.  

Additional insight into the surface composition of 
small icy bodies comes from the laboratory study of 
cometary grains, such as some interplanetary dust 
particles (IDP) collected in the Earth's stratosphere [5, 
6], or grains collected from comet 81P/Wild 2 by the 
Stardust spacecraft [7]. These studies indicate the 
presence of refractory carbonaceous units that are 
usually sub-micron in size. This indicates that the size 
of every sub-unit is much smaller than the wavelengths 
commonly covered in surface spectroscopy. Based on 
this evidence, it has been suggested that reddening of 
small icy bodies may be caused by sub-micron 
particles from organic material of pre-solar or 
protoplanetary origin trapped in ice [8]. 

To extend these results, We have developed a 
spectral model for small icy bodies that is compatible 
with volatile loss and surface processing by solar and 
cosmic ions. This model is based on results derived 
from laboratory measurements of collected cometary 
grains and IDPs [9]. 

Model:  Following the approach presented in [8], 
we use Maxwell-Garnett effective medium theory to 
approximate the effect of sub-wavelength refractory 

inclusions. This procedure takes the optical constants 
of several components and mixes them according to 
their respective mass fractions and densities. If all 
inclusions are considered spherical and the dielectric 
properties of the medium and inclusions are similar, 
we can compute the average wavelength-depnedent 
dielectric function. Next, we employ the Hapke model 
to calculate multiple scattering by the aggregate 
particles and produce  disk-integrated albedo spectra.  

We focus on the nature of the refractory dust and 
examine a broad range of compositions, in particular 
including silicate and iron sulfide components and a 
more realistic representation for the carbon component. 
While it is true that a-priori we do not know the 
composition of refractory components in the outer 
Solar System, we can certainly assume the cometary 
dust composition as the best currently known analog 
for small outer Solar System bodies and a good starting 
point to explore the visible-NIR spectral effects of the 
different mixtures (silicates vs. carbons, etc.). The 
materials we consider in our model are: Crystalline and 
amorphous silicates (olivine and pyroxene), iron 
sulfides, and a large variety of carbonaceous materials. 
We assume the composition of a well-characterized 
cometary IDP  as a sort of ``reference dust'' [9], from 
which we let vary the different relative abundances.  

We choose three key parameters that we calculate 
from the synthetic spectra, which are used to 
characterize outer Solar System bodies [10, 11]: Depth 
of the 2 micron water ice band, R-band albedo (as well 
as V-band) and a color index (B-V and V-R). 

Results:  We refer here to our derived results as a 
scheme for the effects of sub-micron inclusions on the 
reflectance spectra.  

Fig. 1 shows a mapping of the 2 micron fractional 
band depth onto the ice-carbon mass fraction space. 
These fractions cover the range from pure-refractory to 
pure-ice grains (x-axis, 0 to 1) and from carbon-
depleted to completely carbonaceous refractory 
inclusions (y-axis, 0 to 1). These results are for the 
small-scale grains and low-sensitivity observations. 
We have also calculated the same for larger grains (20 
and 50 microns) and for high-sensitivity observations. 
Even small inclusions of carbon, in terms of mass 
fraction, are extremely efficient at masking the icy 



composition of a grain, at both the small and large size 
limits.  
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Figure 1: Fractional band depth of the 2 micron 

band for different proportions of water ice and carbon 
fractions in the dust.  

 
Fig. 2 presents our calculated R-band albedo for the 

large and small grain sizes, as a function of water ice 
mass fraction in the grain. We can see that the sub-
resolution mixing of water-ice and refractory 
components renders the albedo independent of 
composition and grain size, up to ~0.35 water ice mass 
fraction. At the mass fraction range where the curves 
differ, only small grains with dust components 
moderately-enriched in carbon have albedo values 
similar to the estimates relevant for icy objects in the 
outer Solar System [10]. 
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Figure 2: R albedo variation, as a function of water 

ice fraction in the grains, for “average” and enriched 
carbon fraction inclusions in the dust.  

 

Our models show that a lack in detectable water ice 
band depth does not necessarily mean a lack of 
considerable fraction of water ice, if it is mixed in the 
grain-aggregate level. We find that over 50% (by 
mass) of water ice can be spectroscopically masked at 
10% detection sensitivity due to the strong absorption 
of the carbonaceous sub-inclusion component. This 
effect is roughly similar to the one found for carbon-
enriched crusts [12]. Comparing with ion irradiation 
experiments [13], we find that sublimation induced 
volatile loss and destruction of volatiles due to space 
weathering display a very similar spectral trend (flat-
bright/red/flat-dark).  
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Introduction:  On the eve of the first reconnais-

sance of the Pluto-Charon system (and indeed KBO 
objects generally), we might ask ourselves the basic 
question:  “What will we find when we get there?  How 
geologically evolved are these bodies?”  The history of 
space exploration (e.g., Voyager and it’s litany of sur-
prises) should suggest the futility of posing such a ques-
tion, but we have in the Outer Solar System a family of 
17+ major icy moons that provide a rich set of exam-
ples of how diverse icy bodies can be (Fig. 1).  In this 
report we review what we have learned so far about the 
geologic evolution of these icy worlds and attempt to 
place them in a Pluto context.    

We can take two approaches to the problem.  1. We 
can survey the variety of geologic features found on icy 
satellites (and how they differ from those on silicate 
planets).  2. We can attempt to understand how icy bod-
ies work geologically as worlds.  Because New Hori-
zons is approaching essentially a binary planetary sys-
tem with two different sized icy bodies (one large: 
Pluto; one midsize: Charon; the small “rocks” are un-
likely to be geologically inspiring), we examine each 
type seperately.  For Pluto the relevant comparisons are 
the three icy Galilean satellites and Triton.  Titan can be 
included but the pervasive rainfall there (plausible if 
Pluto had an ancient dense atmosphere, though what the 
precipitate would be is unlcear) has ‘clouded’ our un-
derstanding of its geologic history.  For Charon these 
are the midsize satellites of Saturn and Uranus.   To do 
this we rely on a vast body of referreed work exists 
detailing the geology of these bodies. 

Geology on Large Icy Satellites:  Geologic fea-
tures on planetary bodies are commonly divided into 
endogenic and exogenic features.   Endogenic features 
are tectonics (faulting and other forms of crustal defor-
mation), volcanic (intrusive and extrusive redistribution 
of lavas), and erosional (mass wasting, and atmospheric 
modification in the case of Pluto).  Exogenic features 
include impact cratering and erosional effects due to the 
space environment.   

Let us consider Charon first, we commonly observe 
extensional fracturing commonly on midsize satellites, 
from Tethys, Dione and Rhea to Titania and Ariel.   
These tend to be km to tens of km is scale and hemi-
spheric in scope.   They are provisionally attributed to 
late stage lithopheric cooling and/or global expansion, 
even on ancient-looking Rhea.  Putative volcanism 
takes the form of broad low plains, caldera-like dwalled 

depressions, and narrow ridges up to 1-2 km high.  Alt-
hough we have no credible identification of lava com-
positions (except for Enceladus’ plumes), there may be 
a trend toward more complex lava chemistries and 
thicker volcanic deposits with distance from the Sun 
due to increased low-T non-water ice abundances.  
Pluto may support such an idea.  The dynamical envi-
ronments of these satellite systems have provided pro-
longed (tidal) heat sources that were more limited at 
Pluto, however.    

 
Figure 1.  Geologic features on icy satellites.  Example: 
Triton.  In this 700-km-wide region we see a wide vari-
ety of fatures, including diapirism and frost deposition 
on peaks (lower left), scarp erosion (upper left and low-
er right), volcanism (center and upper right), tectonism 
(lower center), and the odd impact crater.  Voyager 
mosaic at 0.6 km/pixel.     

 
Mass wasting is not well documented on these bod-

ies, but landslides are abundant on most of the saturnian 
midsize satellites, suggesting some degree of slope in-
stability will be prevalent on both Pluto and Charon.  
Erosion on Charon is likely to otherwise be dominated 
by slow micrometeorite bombardment.  Whether a mas-
sive ring system ever existed at Pluto or Charon might 
be recorded by a heavy flux of small impacts or by ac-
cumulation of an equatorial ridge as on Iapetus, or 
equatorial “Blue Pearls” as on Rhea. 

Charon is most similar in size to the satellites Ariel, 
Umbrial, Dione and Tethys.  These range from ancient 
to heavily resurfaced.  Charon is unlikely to be Encela-
dus-like, and is likely to be cratered.  Some degree of 



fracturing is also likely, though tidal stresses have 
probably been negligible.  

Pluto may be more evolved geologically than Char-
on, as suggested by its composition and albedo varia-
tions, but there is little to go by in predicting its appear-
ance.    We have only one example of a large icy body 
with similar volatile composition: Triton.   Volcanism 
is extensive there, including a large caldera and volcan-
ic pit chains.  Tectonism is less extensive, perhaps sur-
prisingly, with only a few stray extensional fractures.  
The rest of the surface is dominated by diapiric cells 
(cantaloupe terrain) and by the mysterious south polar 
terrains.  The geysers at Triton may be geothermal or 
solar driven exhalation of nitrogen or other volatiles.  
They are poorly understood.  Seasonal solar-driven 
volatile transport is likely to have eroded some features.  
Scarp retreat, pitting, dark ice precipitation on local 
highs, and other manifestations are likely and will re-
quire high resolution and stereo imaging, volatile map-
ping and global mapping to unravel. 

Impact craters are one of the few features we are es-
sentialy guaranteed to see on both bodies.   They will 
by nature be 60-70% shallower than lunar craters and  
exhibit distinct morphologies (from central dome cra-
ters to palimpsests), but may also have been subject to 
post-impact viscous relaxation.  One might expect in-
teresting differences: 1) relatively low impact speeds 
compared with other sats; 2) novel effects from (weak) 
ice compositions. Here, a straightforward determination 
of the pristine crater shape statistics will allow a deter-
mination  of the degree of relaxation and constrain heat 
flow.   We might also predict a differential impact flux 
on the two sides of Charon but not on Pluto.  Of course 
our track record in observing asymmetries is weak.  
Besides Charon’s orbital velocity is only 0.2 km/s, so 
won’t generate much of an antapex-apex difference 
immersed in a 1 km/s background kbo flux. Impacts 
also excavate buried materials and may be key to un-
raveling the stratigraphy (if any) of Pluto.  Any large 
impact events, similar to those observed on Tethys or 
Dione, will affect large areas and redistribute ejecta and 
possibly fracture the crust. 

An outstanding question is the impact flux in the 
Kuiper-Edgeworth Belt, which will determine the de-
gree to which ancient features will be preserved.  A 
comparison of crater densities on bodies throughout the 
Pluto system will provide some constraints on relative 
ages of the bodies and the flux of impactors involved. 

Geology of Ice Worlds:  Looking at icy worlds as 
whole bodies, we are drawn to those most active, such 
as Europa, Enceladus, Ganymede, and Triton.  Pro-
longed geologic activity is usually ascribed to tidal 
heating, but cannot be due completely to it as recent 
fracturing is seen on Rhea and Dione.  Forces at work 

include tidal distortion and fracturing, tidal heating, 
secular cooling, and impact flux.  Thermal history is 
manifest in subtle ways as well.  Aside from Iapetus, 
the global-scale topographies of Saturn’s midsize icy 
satellites are highly relaxed, likely due to some ancient 
episode of global heating not experienced by Iapetus.  
The degree of global relaxation, and hence early ther-
mal effects, should be discernable on Charon. Iapetus is 
also relaxed, just to an earlier spin state. It is an inter-
esting question of who will win the race in the cases of 
P & C: thermal cooling or tidal evolution?  The results 
may well be recorded in the topography of these bodies 
and features thereon 

Europa, with a “thin” shell of mostly water-ice, may 
have limited applicability to Pluto.  It is dominated by 
pervasive tidally-driven fracturing, a scenario that may 
be unlikely on Pluto.  The mixed record of ancient 
eroded terrains, localized volcanism, and intense but 
confined tectonism on Ganymede might be more appli-
cable to Pluto with its less dynamic thermal history.   
That Pluto is “Callisto with frost” seems unlikely but 
not implausible.  

Though Pluto did not experience Triton’s massive 
tidally-induced thermal history, Triton/Europa analogs 
may be applicable in the sense of surface geology being 
driven by shallow oceans as an underlying heat reser-
vour.   Each moon is different but heat-driven diapirism 
occurs across Europa, and the widespread diaprism on 
Triton may be heat- or density-driven, or both.  If Pluto 
ever had an ocean near the surface, similar geological 
manifestations may be their signature. 

New Horizons at Pluto-Charon: New Horizons 
will address key issues.   How did Pluto, with its unique 
dynamical history, evolve and what was its thermal 
history?  This will be expressed in the geologic record, 
which will be documented in imaging, spectrocopy and 
topography.  Comparisons to midsize icy satellites, es-
pecially the revelations from Cassini at Saturn, will be 
key.  Does Charon betray any geologic activity and 
does it exhibit any significant low-T ice fraction in its 
icy crust?  How does the abundance of low-T ice phases 
control or modify geologic evolution on icy worlds?  
The (likely) large impact event that brought about the 
complex Pluto system profoundly affected the thermal 
state of the resulting bodies.  Will we see any effects of 
this in the geoligc record?  Will we see ancient volca-
noes eroding slowly under the cold but persistent Sun 
for eaons?   Will we see extensional fractures indicating 
slow secular cooling?   How have impact events large 
and small altered the outer layers and do they reveal the 
inner compositionsal and thermal histories of these 
strange new worlds?  Regardless of the answers, the 
Pluto system will open a vast region of Solar System 
for the first time and no doubt surprise us.  
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Introduction:  Despite a very different dynamical 

and thermal history, Neptune’s large satellite Triton 
remains the only Solar system object visited by man-
kind comparable in size and composition to Pluto.  Here 
we examine a reprocessed and improved Voyager data 
for Triton, with an eye toward how it will help us in 
understanding bodies similar to Pluto.  The Voyager 
encounter was also broadly similar to that planned for 
New Horizons, and the Voyager experience at Triton 
also gives us an insight into how New Horizons will be 
mapping Pluto. 

The Voyager Encounter at Triton:  The August 
1989 Voyager high-velocity encounter with Triton pro-
vided an excellent but limited view of this satellite.   A 
new global mosaic has been assembled from the best of 
the Voyager images (Fig. 1) ranging eastward from ~45 
to 0.35 km/pixel in resolution (resolution is a function 
of longitude here due to the 6 day rotation period and 
fast encounter velocity, as it will be for Pluto).  The 
mosaic is combined with identical mosaics in 4 colors 
(UV, V, B and Orange), and are assembled in  O-B-V 
(approx. natural color) and O-V-UV (exaggerated col-
or) combinations.  High-phase angle crescent imaging 
supplements lower-resolution approach imaging. 

With similar rotation periods and physical diameters 
and similar approach velocities, the New Horizons en-
counter with Pluto in 2015 is broadly similar to Voyag-
er at Triton, and will produce a global map of similar 
character.  Key differences are a high-resolution (<100 
m) capability (LORRI) and spectral coverage into the 
red and near- and mid-infrared (RALPH) on New Hori-
zons, both of which were lacking on Voyager.  Alt-
hough coverage will extend to higher northern latitudes 
on Pluto, departure imaging will have a higher phase 
angle than for Triton and will be somewhat less though 
still useful. 

The Geology of Triton:  The last examination of 
Triton’s global geology took place several years after 
the encounter.  Since that time we have matured con-
siderably in our understanding of icy body geologic 
evolution (thanks to Galileo and Cassini) and a reexam-
ination of Triton geology is in order.  The basic geolog-
ic sequence remains valid (i.e., icy volcanic terrains 
overlying potentially diapiric cantaloupe terrain, subse-
quently or continuously degraded by scarp retreat and 
mass wasting) but additional insights can be had.  Tec-

tonism is limited compared to Europa or Ganymede, 
though the origins of those linear features observed 
remains unclear.  Several of the equatorialequatorial 
units can now be traced at least to the east into the low-
resolution mapping areas. 

The southern hemisphere is the great enigma of Tri-
ton, having been observed under high solar illumination 
and at limited resolution (>1 km/pixel).  This hemi-
sphere is relatively brighter than the northern hemi-
sphere, with a well-defined if uneven boundary, but has 
been erroneously referred to as a “South Polar Cap.”  
The inference has been that it is a monolithic deposit 
formed from the seasonal deposition of nitrogen or oth-
er frosts.  The new mapping and color mosaics, coupled 
with (weak, low-resolution) stereo images, confirms 
that this hemisphere is in fact geologically complex, 
with several different terrain types, some of which are 
as cratered as areas to the north and therefore long-lived 
[4].  Much of the southern hemisphere terrains (SHTs) 
consist of smooth plains with bright and dark units.  
The dark units form nearly featureless amoeboid-
shaped patches densely scattered across a variable 
bright unit.  To the south lies a more rugged unit con-
sisting of short discontinuous ridges, smooth patches, 
and rolling hills.  Aside from the known 7-9 km high 
dark plumes observed after encounter [3], stereo imag-
ing also reveal a second class of possible plumes, these 
being only a few kilometers high and more umbrella 
shaped. 

A Preview of the Pluto System:  In addition to the 
global mosaic, a variety of views of Triton will be 
shown, as will selected Voyager observations of rele-
vance to the New Horizons encounter.  Also, a series of 
views of icy bodies similar in size to Pluto and Charon 
will be shown.  These will be selected from the Galileo 
and Cassini imaging libraries to highlight views most 
similar to the planned New Horizons observations.  
These views will provide a glimpse of the types of fea-
tures we might expect to resolve at various times as we 
enter the Pluto system in 2015. 

References: [1] Smith et al. (1989) Science, 246, 
1442–1449.  [2] Croft et al., (1995) in Neptune and 
Triton, Univ Ariz. Press.  [3] Soderblom et al., (1990). 
Science, 250, 410-415.  [4] J. Moore and J. Spencer, 
(1990). Geophys. Res. Lett., 10, 1757-1760. 

 
 
 



 
 

 
 
Figure 1.  New global mosaic of Triton, based on Voyager imaging.  (top) Approx. natural color (O-B-V); (bottom) 
enchanced color (O-V-UV). 
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The Alice far-ultraviolet (FUV) imaging spectro-

graph onboard the New Horizons spacecraft was de-
signed to measure electronic transitions of species in 
Pluto’s atmosphere, to study Pluto’s atmosphere and 
search for an atmosphere around Charon with solar and 
stellar occultations, and to quantify the FUV surface 
reflectivity of other bodies in the system [1].  

We predict FUV airglow emission originating from 
Pluto’s atmosphere using the Atmospheric Ultraviolet 
Radiance Integrated Code program (AURIC, [2]) for 
various atmospheric model assumptions. Observation 
distances and phase angles are selected from several 
actual planned Alice activities in the nominal New Ho-
rizons encounter.  

We also examine the expected surface reflectivity in 
the FUV by modeling the emergent spectrum through 
surface hazes and gases in the atmosphere. We correct 
the mid-ultraviolet albedo curves from previous IUE 
and HST-Faint Object Spectrograph observations [2,3] 
using recent modifications to the Pluto latitude-
longitude coordinate system, and estimate the surface 
vs. atmospheric contributions to these spectra. These 
archival albedo data are also adjusted according to a 
more  recent and accurate radius, and extrapolated to 
the FUV. We consider a range of surface ice composi-
tions including N2, CH4, CO, and H2O in our surface 
models using laboratory FUV reflectance data.   

References: [1] Stern, S.A., Slater, D.C., Scherrer, 
J., et al. (2008) Space Sci. Rev., 140, 155-187. [2] Use 
the brief numbered style common in many abstracts, 
e.g., [1], [2] Stern S.A., Brosch N., Barker E., Glad-
stone G.R. (1991) Icarus, 92, 332-341. [3] Trafton L.M. 
& Stern S.A. (1996) AJ, 112, 1212-1224. 
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Introduction:  One important information to under-

stand the evolution of Pluto is the composition of its 
surface ices that should trace its endogeneous and ex-
ogeneous chemical evolutions.  

Several observations were aimed at investigating the 
possible presence of non-methane hydrocarbons [1, 2, 
3, 4, 5, 6] on Pluto’s and Triton’s surfaces with hints for 
trace of ethane while higher hydrocarbons and nitriles 
escaped identification up to now.   

Numerical models of Pluto’s atmosphere [7] predict 
a production of hydrocarbon and nitrile species more 
similar to Titan than to Triton due to its high methane 
abundance. 

The Ralph / LEISA imaging spectrometer onboard 
the New Horizons spacecraft will record numerous 
spectral images of Pluto and its satellites, as well as 
possibly of Kuiper Belt Objects, from 1.25 to 2.5 µm at 
a resolving power of 250 (and at higher resolution in 
the 2.10-2.25 µm range). This spectral range has many 
diagnostic features of solid hydrocarbons and nitriles. 
 

Laboratory experiments:   
The composition and photochemistry of Pluto at-

mosphere being similar to that of Titan, although at 
much lower pressure and temperature, we can expect 
also some similarities in the composition of its surface. 
We have recorded, or reanalyzed a first series of labora-
tory spectra of solid hydrocarbons and nitriles in the 15-
100 K range in the near and mid-infrared, both overlap-
ping the Ralph / LEISA spectral range, with the aim to 
provide reference data for the possible identification of 
these molecules at the surface of Pluto. 

We present absorption coefficient spectra of C2H2, 
C2H4, C2H6, C3H4, C3H8, C6H6, HC3N, CH3CN, 
C2H3CN and C2H5CN and compare them with that of 
other solid species existing (CH4, CO, N2) or possibly 
existing (H2O, CO2, NH3, CH3OH, …) at the surface of 
Pluto. 

In particular we are searching for diagnostic fea-
tures of some of these molecules that could be identifi-
able on Pluto, i.e. that did not interfere with the very 
strong bands of methane. These laboratory data and 
their products, once fully analyzed, will be available 
digitally through the Grenoble Astrophysics and Plane-
tology Solid spectroscopy and Thermodynamics 
(GhoSST) database, as well as all other spectra, absorp-
tion coefficient or optical constant data published on 
ices relevant for Pluto, its satellites and KBOs: N2 [8], 

CH4 [9], CO2, CH4, C2H4, C2H6 and their mixtures in 
N2 [10, 11], CO [12], H2O [13], CH3OH [14], … 

 

 
Figure 1: absorbance spectra in the 1.9-2.6 µm range of hydro-

carbons and nitriles, compared with CO, CO2, NH3 and CH3OH.  
 
Pluto’s spectra simulations: 

We are currently running radiative transfer simulations 
in order to determine at which concentration each of 
these molecules could be detectable in the whole near-
infrared and specifically in the Ralph / LEISA spectral 
range. The main difficulty is the interference of the 
strong CH4 bands that preclude weak band observation, 
so transparencies regions, such as around 1.25-1.3, 1.5-
1.6, 1.85-2.1 and 2.45 µm are the most promising. 
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Additional Information:  The GhoSST database 
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Introduction:  We report on the analysis of “P4” 

(S/2011 (134340) 1) and “P5” (S/2012 (134340) 1), 
based on the complete set of available data from the 
Hubble Space Telescope (HST). Although discovered 
in 2011 and 2012, the moons have been recovered from 
earlier HST programs, providing an extensive body of 
data from which to infer orbital elements and photomet-
ric properties. Within this data set, we use Hydra and 
Nix for reference and as “reality checks” on our results. 

Data Set:  Pluto was imaged repeatedly by the HST 
Wide Field Camera 3 (WFC3) during 2010–2012 (GO-
11556, 12436, 12725, 12801). From these images, we 
have assembled 179 detections of P4 and 64 of P5. In 
addition, P4 was detected in one ACS (Advanced Cam-
era for Surveys) image in 2005 and six in 2006 (GO-
10427, 10774). Particularly in the shorter exposures, it 
is necessary to co-add multiple images to obtain these 
detections. Nevertheless, once suitably processed, they 
are astrometrically and photometrically reliable. 

Orbits:  The orbits of Pluto’s outer moons are com-
plicated by the non-spherical and time-variable gravity 
field of the central binary planet, Pluto and Charon. As 
a result, orbits show marked deviations from simple 
Keplerian orbits. In particular, the pericenter longitudes 
precess and the ascending nodes regress, much as they 
would for orbits about an oblate planet. Charon’s mo-
tion around Pluto also induces higher-frequency “wig-
gles” into the motions of these moons; these cannot be 
measured directly in the astrometry, but may increase 
the fit residuals. Orbits show measurable variations 
from one year to the next, which probably reveal the 
mutual interactions among the four outer moons; this 
information should eventually lead to constraints on the 
masses of Nix and Hydra. 

We describe the orbits using nine orbital elements: 
semimajor axis a, mean motion n, mean orbital longi-
tude θ, eccentricity e, pericenter longitude ω, pericenter 
precession rate dω/dt,  inclination i, longitude of as-
cending node Ω, and nodal regression rate dΩ/dt. The 
model is accurate to first order in e and i. Values are 
defined relative to the Pluto-Charon barycenter, using 
an inertial frame with the Z-axis along the system’s 
angular momentum vector. Longitudes are measured 
from the J2000 ascending node of the Pluto-Charon 
orbit plane at epoch July 1, 2011 UTC.  

Our best-fit values for the orbital elements are as 
follows. For P4: a = 57,731 ± 28 km; n = 11.19124 ± 
0.00008 °/day; θ = 94.216 ± 0.035°; e = 0.0031 ± 
0.0003; ω = 194 ± 6°; dω/dt = 0.128 ± 0.013 °/day;  i = 
0.35 ± 0.05°; Ω = 214 ± 9°; dΩ/dt = -0.105 ± 
0.010°/day. For P5: a = 42,487 ± 81 km; n = 17.85564 
± 0.00041 °/day; θ = 276.90 ± 0.12; e = 0.0034 ± 
0.0013; ω = 307 ± 22°; dω/dt = 0.452 ± 0.058 °/day;  i 
= 0.56 ± 0.27°; Ω = 122 ± 28°; dΩ/dt = -0.223 ± 0.112 
°/day. Quoted uncertainties are one sigma. By extrapo-
lation, the orbital longitudes can now be predicted to ~ 
1° precision at the time of the New Horizons flyby. 

Photometry:  P4 and P5 have integrated reflectiv-
ities of 29 ± 12 km2 and 19 ± 5 km2, respectively. Here 
reflectivity is defined by the dimensionless ratio I/F, 
where I is the reflected intensity and πF is solar flux 
density; by this definition, a perfectly diffusing “Lam-
bert” surface has unit reflectivity when illuminated at 
normal incidence. At the small phase angles observed 
(≤ 1.8°), these values represent the product of the 
moon’s cross-sectional area and its geometric albedo.   

If P4 and P5 have albedos of ~ 0.35, comparable to 
the value for Charon, then the moons have radii of 5.1 ± 
1.1 km and 4.1 ± 0.5 km, respectively. If the albedos 
are very small, say ~ 0.04, then the radii are 15 ± 3 km 
and 12 ± 2 km instead. These values are ~ 20% smaller 
than those quoted in the original IAU circulars [1,2] 
announcing the discoveries. Quoted error bars represent 
the standard deviation among all available measure-
ments; a rotational light curve and/or opposition effect 
could be contributing to the relatively large uncertain-
ties. This possibility is still under investigation.  

References: 
[1] Showalter M. R. et al. (2011) IAU Circ. 9221, 1. 
[2] Showalter M. R. et al. (2012) IAU Circ. 9253, 1. 
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Introduction:  HST photometry of Nix and Hydra 
from 2010–2012 reveal distinct variations in integrated 
brightness, suggesting that the moons are irregular in 
shape. However, the variations show no correlation 
with orbital longitude, as one would expect for bodies 
in synchronous rotation. I show that Nix and Hydra are 
probably rotating chaotically, and that this can be a 
natural outcome of orbiting a binary planet.

 Measurements: The Pluto system was imaged 
repeatedly by the HST Wide Field Camera 3 (WFC3) 
during 2010–2012 (GO-11556, 12436, 12725, 12801). I 
have measured the disk-integrated brightness D of Nix 
and Hydra during each set of observations, which con-
sist of 1–3 consecutive orbits of HST around the Earth. 
We have 12 observing epochs from 2010, 6 from 2011, 
and 14 from 2012. All measurements were obtained 
through either the long-pass filter F350LP or the broad 
V filter F606W. Measurements show no dependence on 
which of these filters was used.

Phase Curve: A plot of D vs.  phase angle α shows 
distinct evidence for an opposition surge,  which is 
common for near-backscatter from rough surfaces. This 
component of the phase function P(α) must be ac-
counted for before the other brightness variations are 
investigated. I model the opposition surge as identical 
for Hydra and Nix,  using a simple parametric model 
(Fig. 1). Upon dividing out this function, it became 
apparent that the moons vary in brightness year by year. 
Nix has brightened by ~ 30% from 2010 to 2012 (Fig. 
1), whereas Hydra has been more stable.

Rotation Periods: To identify the rotation period p 
of each moon, I fit the available measurements to a 
model consisting of a constant plus two sinusoids,  one 
with period p and the other with period p/2. Models 
consisting of a single sinusoid were much less success-
ful, and it is not uncommon for the light curves of 
irregularly-shaped bodies to have a strong second har-
monic. Fits were applied to the complete data set and 
also to data from 2010 and 2012 separately; measure-
ments from 2011 are too few in number for fitting.

Figure 2 shows the root-mean-square (RMS) residu-
als for values of p between 4 and 100 days. In no case 
does a period fit the full data set with acceptable residu-
als. During 2010, Nix shows peaks at 32.64 and 27.22 
days, but the former is strongly favored when the phase 
function and period are modeled simultaneously rather 
than sequentially. Neither of these periods is compatible 
with the 2012 data, where 18.84 days provides the best 

fit. For Hydra,  p = 21.62 days in 2010, but the 2012 
data show no evidence for any similar period; instead, a 
much shorter period of 7.82 days is favored.

These measurements indicate radical changes in the 
rotation rates of Nix and Hydra over 1-year time scales. 
The year-by-year changes in Nix’s mean brightness 
could also be explained by a wobble in Nix’s rotation 
axis. What could account for these peculiar results?

Dynamics: Most regular satellites in the solar sys-
tem are in synchronous lock with their central planet. 
However, the Pluto system is unique in that the outer 
moons orbit a “binary planet” consisting of two bodies. 
Youdin et al. [1] demonstrated the influence that this 
has on the orbital motions of the outer moons. I have 
integrated both the orbital motion and the rotation state 
of bodies in orbit around Pluto and Charon, and find 
that the variations of the central gravity field can pre-
vent synchronous lock. Fig. 3 shows one excerpt from 
an integration of Nix’s motion and rotation. While 
Nix’s long-term average rotation period is similar to 
that of its orbit (dashed line in Fig. 3a), it is common 
for p to change up or down by factors of ~ 2 for months 
at a time. Nix will often librate around a synchronous 
orientation (corresponding to 0° or 180° in Fig. 3b) but 
it can jump between these orientations and can tempo-
rarily go into an entirely different rotation state. Not 
every integration leads to chaos, at least within the ~ 
100 year time scales I have investigated; for example, if 

Figure 1.  Best-fit phase function for Nix and Hydra, 
scaled to the Nix photometry from 2010 (red), 2011 
(green) and 2012 (blue). Nix shows a ~ 30% increase in 
brightness between 2010 and 2012.



an integration begins with Nix in synchronous lock, Nix 
stays there except for a small wobble. However, if Nix 
began its life with a different period, these simulations 
suggest that synchronous lock might never be achieved.

Simulations of Hydra show generally similar phe-
nomena, although jumps out of libration states are rarer. 
Nevertheless, the slow speeds and potentially large am-
plitudes of Hydra’s libration are sufficient to alter its 
rotation period by ~ 50% for periods of a few months, 
comparable to the durations of our three data sets.

Nix and Hydra have very little influence of their 
own on these integrations. Available photometry of P4 

and P5 is too sparse to study their rotations, but they 
may well also be rotating chaotically. Further integra-
tions will be required to determine whether Charon’s 
perturbations can induce a significant wobble in Nix’s 
rotation pole, which is needed to explain its changes 
year by year.

References: [1] Youdin A. N.,  Kratter K. M, and 
Kenyon S. J. (2012) Astrophys. J. 755, 17–27.  
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Figure 2. RMS residuals to assumed rotation periods ranging from 4 to 100 days for Nix and Hydra. A fit to 3 years of 
data (black) shows unacceptable residuals. Fits to data from 2010 (red) and 2012 (blue) show statistically plausible 
residuals for individual years, but those periods are incompatible.

Nix Hydra

Figure 3.  (a) Instantaneous rotation period of Nix during a 5000-day integration. The dashed line indicates Nix’s or-
bital period of 24.85 days. (b) Longitude of Nix’s  long axis relative to the radial direction; note its tendency to oscillate 
around 0° or 180°, but only temporarily.

(a)

(b)
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Introduction: Ground-based stellar occultations 
are presently the unique way to provide 
temperature, pressure and density profiles of 
Pluto’s atmosphere. They probe radii between 
about 1190 and 1550 km from the dwarf planet 
center, which corresponds to a pressure range of  
~8 µbar-10 nbar.  

Here we report results derived from twelve 
stellar occultations observed between 2002 and 
2012. These events are used to assess Pluto’s 
atmospheric pressure, thus providing estimates of 
putative time evolution of Pluto’s atmosphere, 
before the New Horizons flyby of July 2015. 

Observation: Multi-chord occultations observed 
at the following dates were included in our study: 
21 August 2002, 12 June 2006, 18 March 2007, 14 
June 2007, 22 June 2008, 24 June 2008, 25 
August 2008, 14 February 2010, 4 June 2010 and 
4 June 2011. The results derived from two further 
events, yet to be analyzed (14 June 2012 and 18 
July 2012) will be included in the presentation, 
providing a total pool of twelve occultations. 

Results: For each event, we performed a 
simultaneous fit to the light curves obtained at 
various sites. A ray tracing code generates a 
synthetic light curve corresponding to the geometry 
of each chord, using a common prescribed 
temperature profile, with a lower inversion layer 
with a gradient of 7 K km-1 and an upper isothermal 
branch at 107 K. The results shown here are little 
dependent on the values of those parameters, 
inside their respective allowed ranges. For a given 
occultation, the free parameters of the fit are the 
location of Pluto’s center in the plane of the sky 
and the value p1215 of the pressure at the chosen 
radius 1215 km. 

This approach provides a homogeneous 
analysis of all events and furnishes the value of  
p1215 as a function of time (Fig. 1). After the drastic 

surge of pressure by a factor of more than two 
between 1988 and 2002, the pressure appears to 
have stabilized. A slight increase in the last decade 
is suggested in our data, but remains marginally 
significant, considering our error bars. Comparison 
with models ([1]) and other observations ([2],[3]) 
will be presented. 

 

 
Figure: 1 – Colored dots: our  results showing the time 
evolution of Pluto’s atmospheric pressure at radius 1215 
km. Black dot: pressure obtained from the 9 June 1988 
occultation [4]. Dotted line: date of New Horizons flyby. 
Black lines: the particular models #12 and #38 of [1]. 
 

References: [1] Hansen, C.J. and Paige, D.A. 
(1996), Icarus, 120, 247-265. [2] Elliot, J.L. et al. 
(2007), “Changes in Pluto’s atmosphere: 1988–
2006", Astron. J., 134, 1-13. [3] Young, E.F. et al. 
(2008), Astron. J., 136, 1757-1769. [4] Yelle, R. V. 
and Elliot, J. L. in Pluto and Charon (eds Stern, S. 
A. & Tholen, D. J.) 347–390 (Univ. Arizona Press, 
Tucson, 1997).  
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Introduction:  Kuiper Belt objects to which some 

comets and Saturn’s satellite Phoebe belongs [1-3], on 
composition considerably differ from icy Solar system 
bodies (Saturn’s satellite Hyperion and so on). The fact 
of tidal destruction of a cometary nucleus suggests that 
the nucleus consists from fragile and weak enough ma-
terial and on the physical and mechanical properties 
considerably differs from a usual solid body. Progres-
sive cometary meteor fragmentation caused by aerody-
namic pressure in the Earth’s upper atmosphere is also 
diagnostic of general fragility and porosity of cometary 
meteoroids. The difference in composition assumes 
distinction of physico-mechanical properties of a mate-
rial, so as tensile strength, compressive strength and 
yield strength. In processes where physico-mechanical 
properties are determining, for example, gravitational 
deformation, this distinction also should be appeared. 

Physico-mechanical properties:  According to the 
model [4], Si, Mg, and Fe compounds (silicates) make 
up about 26% of a cometary nucleus mass; complex 
organic compounds and the inclusions of minor parti-
cles or large molecules make up about 23% and 9%, 
respectively. Nearly 42% falls at ice of a different com-
position; water ice dominating (about 30%); and 2–3% 
falls at each of the following: CO, CO2, CH3OH, CH4, 
H2CO, and other exotic ices. The data obtained on the 
dust/ice mass ratio for the Tempel 1 comet also show 
that an “icy dirtballs” model is more preferable than a 
“dirty snowball” one [5].  

Analytical, observed and experimental data on 
strength properties of cometary material and its ana-
logues are shown that tensile strength of cometary ma-
terial is distinct enough from strengthless material and 
is about 2 kPa [6]. This value corresponds approxi-
mately to average and conservative value of tensile 
strength, satisfying to almost all considered data which 
have been received by different methods and with a 
different degree of uncertainty.  

Gravitational deformation:  Gravitational loading in 
small bodies in the form of stress deviator caused by 
mass and a nonequilibrium figure of bodies, is constant 
and actually exists from the moment of their formation 
[7]. There’s no creep in small Solar system bodies [8]. 
All small Solar system bodies irrespective of their 
structure from icy to metal including Kuiper Belt ob-
jects are elastic bodies which possess ultimate and yield 
strength. An analysis of mechanical properties of Kui-
per Belt objects has been carried out with a model, 

which uses the elastic theory with ultimate strength for 
a three-dimensional self-gravity body, and allows the 
exact solution of differential stresses in a solid elastic 
body to be received and to carry out their analysis. The 
value and distribution of stress deviator in small body 
depends on mass, size, density, figure eccentricity and 
Poisson coefficient and defined by equation 
τmax=σ0F(ε,ν) (1), where dimension factor 
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where Rm – mean radius), a, b and c – main semiaxes, 
and F(ε,ν) – dimensionless function, which depends on 
figure eccentricity (ε) and Poisson coefficient (ν).  

For 19P/Borrelly comet [9], 67P/Churyumov-
Gerasimenko comet [10], 81P/Wild 2 comet [11], 
9P/Tempel 1 comet [12] and Halley comet [13] stress 
deviators obtained are small and are of two orders of 
magnitude lower than the cometary material tensile 
strength (Table 2).  

Table 2. Cometary nucleus stress deviator* 
Comet Semiaxes 

(a×c), km 
Density, 
g cm-3 

Stress deviator, 
×10-2 kPa 

Borrelly 4×1.6 0.3 2.2 
Churyumov–
Gerasimenko 

2.43×1.85 0.5 2.5 

Halley 8×4 0.28 3.4 
Tempel 1 3.8×2.45 0.6 6.0 
Wild 2 2.75×1.65 0.6 3.3 

 *- References are in the text. 

Taking a cometary nucleus density equal to a con-
serva-tive value of 300 kg m-3 [6] and a Poisson coeffi-
cient of 0.31 [14], we obtain a cometary nucleus radius 
of 41×24.6 km (Rm=29 km), at which the stress devia-
tor is equal to the cometary material tensile strength (2 
kPa). That is the size of the largest comet Hale-Bopp 
within its size estimation uncertainty [15]. This means, 
that cometary nuclei less than ~60 km in diameter 
(which is the case practically all of the known comets) 
have a constant tensile strength of about 2 kPa, which is 
determined by structure only. At achievement of tensile 
strength as a result of tidal destruction, collision, or ram 
pressure at sublimation, bodies of less than ~60 km in 
diameter irrespective of their mass would be split easily 
enough, increasing a population of ones. Effective ten-
sile strength of the bodies more than ~60 km in size is 
determined by a body mass and shape parameters and 
increases under the square-law depending on a body 
size and mass (Fig. 1). Such increase of the tensile 



strength can explain an observed deficiency of 
cometary nuclei more than ~60 km in diameter. 

 
Fig. 1.  Dependence of effective tensile strength on size  
 of a cometary nucleus. 

If comets are small bodies with an irregular shape, Phoebe 
is large enough a body to have developed a sphere-like shape. 
The mean radius of the satellite is 106.6 km [16]. As the satel-
lite has a very low albedo (0.06) it was considered, that 
Phoebe is a rocky body [17]. But among small rocky bodies 
Phoebe differed by anomalous shape parameters [7]. With 
regards to the shape parameters, Phoebe belongs to the plane-
tary bodies [16, 18]. Phoebe is less than Mimas (icy planetary 
body), and is less than Hyperion (icy small body) [7]. Its vol-
ume makes 55% from volume of Hyperion and 17% from 
volume of Mimas. According to the most recent data, 
Phoebe's composition is similar to that of Kuiper Belt objects 
[19, 20]. The orbital properties of Phoebe suggest that it was 
captured by Saturn's gravitational field.  

Cometary nuclei are characterized by high porosity and 
low density [21, 22]. The maximum density of a fully packed 
cometary nucleus due to gravitational deformation would be ≈ 
1650 kg m-3 [23]. Phoebe’s density is 1638 kg m-3 [16] and 
corresponds to the above-stated value for a fully packed 
cometary nucleus. It means that the minimal stress deviator 
for Phoebe exceeds yield strength of material and gravita-
tional deformation has already taken place. Gravitational de-
formation is accompanied by gravitational densification and 
gravitational strengthening of a material at the entire body due 
to three-dimensional gravitational compression accompanied 
by two basic mechanisms of plastic deformation [7]. Taking 
shape parameters of the satellite of а=109.3, b=108.5 km, 
с=101.8 km [24], and density of 1638 kg m-3 [16], and a Pois-
son coefficient of 0.31 [14], and using the stress deviator 
equation (1) we obtain a stress deviator of 0.49 MPa. Hence, 
the yield strength of a material of Kuiper Belt objects is 
within the range 0.002<σp<0.49 MPa, where the minimum 
value corresponds to a cometary nucleus tensile strength [6].  

It is necessary to note, that if to take a yield strength of 
0.49 MPa, the mean radius of a small body not exposed to 

gravitational deformation (i.e. with a density of about 300 kg 
m-3 [21]), would reach 643×386 km. Hence, among Kuiper 
Belt objects small bodies with irregular shape which sizes 
exceed Phoebe’s size may be observed. Perhaps, large Kuiper 
object 1994 VK8 (280×190×190 km in diameter) and 1998 
SM165 (600×360×360 km in diameter) may be considered 
such examples [25]. But it is necessary to take into account 
that under equal temperature conditions and similar composi-
tion the mass of such bodies should be less than critical one, 
and accordingly, less than mass of Phoebe, due to their high 
porosity. If the upper limit value take the yield strength of 
0.49 MPa, =0.31, ε=0.8, we can estimate the upper limit for 
the density of the object 1998 SM165, when this cannot be 
done by any other methods. Hence the upper limit of the den-
sity values of Kuiper Belt object 1998 SM165 is estimated as 
ρ0<647 kg m-3. This value agrees well with the average opti-
mal value of density of cometary nuclei (~300 kg m-3) [21], as 
well as with known density of some transneptunian objects, 
which varies in the range from 110 up to 670 kg m-3 [26].  

Thus, Kuiper Belt objects are characterized by the lowest 
value of yield strength among Solar system bodies, due to 
their composition. Obtained data on the rheology of Kuiper 
Belt objects shows that even subordinated amount of exotic 
ices can result in the change of rheologic properties of a mate-
rial. Such dependence of transition parameters on composition 
can serve as a good indicator of the distinction between the 
bulk composition of numerous Kuiper and transneptunian 
objects studied by remote sensing. Phoebe can be considered 
such an example. 
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Introduction:   The dwarf planet Pluto will be ob-

served by the New Horizons spacecraft in 2015. This 
planet is part of the large family of icy bodies that have 
a large fraction of silicates. Most of these bodies are 
moons of gas giants and icy giants. The icy moons of 
Jupiter and Saturn have been studied by the Galileo 
spacecraft and the Cassini/Huygens mission, respective-
ly. The data collected by these two missions have 
strongly modified our understanding of their interior 
structure and dynamics. Small moons such as Encela-
dus have revealed to be very active with jets of vapor 
and particles being ejected from a large fault system 
[1]. Gravity data suggest a large variety in the differen-
tiation state of the large icy satellites [2]. Pluto also 
bears interesting similarities with Ceres, another dwarf 
planet that will be visited by the Dawn spacecraft in the 
Spring of 2015. This paper focuses on the differentia-
tion state of icy bodies and describes some processes 
that may be important in driving Pluto’s evolution.  

 
 Ceres Callisto Enceladus Pluto 

Mass 
(1022 kg) 

0.0943 10.76 0.0108 1.31 

Radius 
(km) 

475 2403 252.3 1153 

density 2.10 1.851 1.608 2.03 

T (K) 165-235 
134 (80-

165) 
75 (30-
270) 

44 

Eccentri-
city (%) 

7.9 0.7 0.47 24.5 

Spin rate 
(days) 

0.378 16.7 1.37 6.4 

Table 1: Some characteristics of Ceres, Callisto, Encela-
dus, and Pluto. 

 
The degree of differentiation of icy bodies: The 

Galileo mission to Jupiter and the Cassini/Huygens 
mission to Saturn have revealed that the three large 
Jovian icy moons and Titan, Saturn’s largest satellite, 
are at least partly differentiated. Their normalized mo-
ments of inertia (C/Ma2) are smaller than 2/5, which is 
the value for undifferentiated moons. However, the 
value is quite different for Ganymede than for Callisto. 
The low value for Ganymede is consistent with a fully 
differentiated body consisting of an inner iron rich core, 
a silicate shell, a high-pressure ice shell, a liquid shell 
and an outer low pressure (ice I) layer [3]. One explana-
tion for the larger values of the moment of inertia of 

Titan and Callisto is that they have not undergone com-
plete differentiation and that their interior would be, at 
least partly, composed of hydrated silicates [4,5] which 
are much less dense than the silicates that compose the 
mantle of terrestrial planets. The case of Europa is dif-
ferent since its lower mass and its large density imply a 
much thinner outer H2O layer. For Enceladus, its large 
activity means that it is most likely differentiated with 
an ocean in between the ice crust and the inner silicate 
core. 

 
The presence of an hydrated silicate core within 

Pluto was proposed 25 years ago by McKinnon [6] 
based on the value of its density. Such a structure was 
also proposed for Ceres by McCord and Sotin [7]. The 
stability of an hydrated silicate core is now addressed. 

 
Thermal evolution model:  A 1D spherical model 

is used to calculate the thermal profile in the silicate 
core as a function of time for a variety of initial condi-
tions and parameters. The core is overlaid by a H2O 
layer. In the nominal case, the initial amount of radioac-
tive heat is 2x10-11 W/kg. At each time step, the likeli-
hood of convection is assessed. The simulations start 
after the accretion phase during which temperatures 
were large enough to allow for partial melting and the 
formation of a hydrated core made of antigorite. The 
core heats up due to the decay of radioactive elements. 
The amount of 40K is a free parameter because potassi-
um is easily leached during processes involving circula-
tion of water. The simulations use thermal parameters 
recently reviewed [8]. These values are based on sever-
al laboratories studies on antigorite whose properties 
play a key role in the geodynamics of subduction zones 
on Earth [9]. As the interior temperature increases, the 
inner part of the core can dehydrate. One interesting 
question is whether the water trapped at depth can mi-
grate to the rock/H2O interface, bringing with it salts 
and key elements. 

 
At each time step, the density profile is computed 

using an equation of state based on recent laboratory 
experiments [9,10]. Using the parameters of their 
Birch-Murnagham equation, we determine a linear fit 
between pressure and density (correlation coefficient of 
0.999) that provides a simple equation of state linking 
the density to temperature and pressure. The stability 
against convection is then assessed. 

 



Onset of convection:  Convection processes can 
start if the density profile is unstable (density decreases 
with pressure because of the temperature increase) and 
if the viscosity of the material is low enough for buoy-
ancy forces to overcome viscous forces. It starts when 
the Rayleigh number becomes larger than a critical val-
ue that depends on the viscous behavior of the material 
[11]. The viscosity of antigorite is very strongly stress-
dependent. The value of the critical Rayleigh number 
for non-Newtonian viscosity with no temperature de-
pendence has been estimated using both laboratory and 
numerical data [11]. It must be noted that in such fluids, 
the meaning of the boundary between conductive and 
convective regimes is that if the Rayleigh number is 
below some critical value, no convective motion is pos-
sible with any initial conditions; if it is above this criti-
cal value, convection is possible but initiation of con-
vection requires sufficiently large initial perturbations. 
In Pluto, the perturbations may be the tidal forces acting 
on the core.  If the amount of 40K is large (CI chon-
drites) the critical value can be reached in less than 1 
Gyr. With an Earth-like amount of 40K, the critical val-
ue is reached much later. In both cases, convection 
would only affect the outer layer of the core while the 
inner core would be subject to dehydration. The impli-
cations for the evolution of the interior structure are 
being investigated 

 
Structure of the ice layer: Owing to its low surface 

temperature, the ices that constitute Pluto’s outer ice 
layer my include methane clathrates and CO2 ices. The 
thermal conductivity of those ices is much lower than 
that of ice I, leading to much larger temperature gradi-
ents at similar values of the heat flux. Models of heat 
transfer in the ice I layer are being conducted. Implica-
tions for the formation of an ocean [12] and the pres-
ence of a high-pressure ice layer are being investigated.  

 
Conclusions: The numerical simulations presented 

in this study suggest that the inner part of the hydrated 
core of Pluto would dehydrate for a large range of pa-
rameters, the most important of which is the amount of 
40K. The outer core would remain hydrated. The onset 
of convection has been investigated for antigortite 
whose viscosity is mostly stress-dependent. It is shown 
that convection could start in the outer core for large 
values of internal heating. Forthcoming observations of 
Pluto’s surface composition, density, and shape will 
help constrain some of these models. 
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Introduction:  After its Pluto flyby in July 2015, 

New Horizons will continue deeper into the Kuiper 
Belt, providing the opportunity for one or more flybys 
of smaller Kuiper Belt Objects (KBOs).  Because no 
known KBOs are reachable by New Horizons, we are 
engaged in a deep ground-based search for accessible 
flyby targets. 

Expected Number of Accessible KBOs: After the 
Pluto encounter, New Horizons is expected to have 
sufficient delta-V to change the direction of its trajecto-
ry by about 0.5°, allowing access to a narrow cone of 
space beyond Pluto.  Current understanding of the Kui-
per Belt population, based on the CFEPS survey [1], 
indicates that this cone should contain about 2 KBOs 
with ground-based R magnitude < 26.0, and about 4 
KBOs with R < 26.5, a brightness range that is within 
the reach of 8-meter class telescopes.  

Search Strategy: Though preliminary surveys were 
carried out with the Subaru telescope in 2004 and 2005, 
we began our primary KBO search in 2011.  The start 
date was chosen to be early enough to allow several 
years for the discovery and characterization of potential 
targets before a post-Pluto targeting burn in late 2015, 
but late enough that the search area had shrunk to a 
manageable size for a deep search.  By 2013, most ac-
cessible KBOs will be situated in a region of sky about 
1 square degree in extent, which can be covered by a 
few pointings with available wide-field CCD imagers.  
The search area is currently centered near RA 18h 40m, 
Dec -21°, in the constellation Sagittarius. 

Our primary search tools so far are the SuprimeCam 
camera on the Subaru telescope in Hawaii, and the 
IMACS and Megacam cameras on the Magellan tele-
scopes in Chile.  We obtained deep imaging of the 
search area on multiple nights spread over several 
months in 2011 and 2012, and have telescope time for a 
similar search in 2013. 

Crowded Fields:  The major challenge in the 
search is the very high density of background stars, 
owing to the low Galactic latitude of the search area.  

Detection of KBOs requires careful subtraction of 
background stars using a template generated from the 
best images of each field, with the PSF matched as ac-
curately as possible between the template and the imag-
es to be searched.  Astrometry of discovered objects is 
referenced to an astrometric grid obtained for the pur-
pose at the Canada-France-Hawaii telescope.   

Because of the crowded fields, our discovery rate is 
extremely dependent on image quality.  We have 
reached our targeted limiting magnitude for new dis-
coveries when seeing is better than ~0.6”, though we 
can recover known objects in somewhat poorer seeing 
conditions.  We had excellent seeing in early 2011, but 
poorer seeing later that year, and below-average seeing 
for most of 2012. 

Results:  Table 1 shows all objects near or beyond 
Neptune’s orbit discovered by our search in the 2011 
and 2012 data sets.  We have found 27 of these objects, 
and 7 have already received official designations from 
the MPC.  One of our discoveries is the second known 
trailing Neptune Trojan, the highest-inclination Nep-
tune Trojan yet discovered [2].  Objects are being found 
at the rate expected from known constraints on the 
KBO magnitude/frequency distribution [3] given our 
limiting magnitudes.  Because we have not yet been 
able to cover the entire search area with sufficiently 
good seeing, our discoveries do not yet include a tar-
getable KBO.  However, several discovered objects 
could be reached if New Horizons had twice the availa-
ble delta-V, and we expect to find targetable KBOs 
once seeing conditions permit a search of the entire 
search area to our target magnitude of R=26.0 – 26.5.  
Several of the objects already discovered are close 
enough to the New Horizons trajectory to permit distant 
observations from the spacecraft.  

References: [1] Kavelaars, J.J. et al. (2009) Astron. 
J. 137, 4917. [2] Parker, A. H. et al. (2013) Astron. J., 
145, 96.  [3] Fuentes, C. I. et al. (2010).  Astrophys. J. 
722, 1290.   

 
 



Table 1: Kuiper Belt Objects Discovered So Far 

 



 WHAT WILL PLUTO LOOK LIKE? 
 

J. R. Spencer, Southwest Research Institute (spencer@boulder.swri.edu). 
 

Pluto is unlike any object yet visited by spacecraft, 
and surprise is the only certainty in the upcoming New 
Horizons data.  However, we know enough to indulge 
in informed speculation about what the New Horizons 
images and spectra may reveal about Pluto’s appear-
ance. 

The nearest analog to Pluto for which we have 
close-up data is of course Triton, a world of similar 
size, surface composition, and probable origin.  The 
two objects suffered very different traumas in their ear-
ly history- the probable Charon-forming impact in 
Pluto’s case, and the Neptune capture event in Triton’s 
case (though it is possible that Triton suffered both 
traumas, if it was captured as a member of a disrupted 
binary system [1]).  However, while Triton probably 
suffered massive tidal heating during the impact event 
[2], its surface is probably less than 100 my old [3], 
much younger than plausible dates for that event or any 
lingering direct thermal effects.  Its surface features 
thus formed at a time when tidal heating is negligible.  
Unless even very minimal current tidal heating can sig-
nificantly affect Triton’s thermal evolution, as has been 
argued recently [4], the geological activity that domi-
nates Triton’s surface likely to be driven by radiogenic 
heating, a heat source that should be almost as effective 
on Pluto.  We can thus plausibly expect that Pluto has a 
surface that is as sparsely cratered as Triton’s, and is 
dominated, like Triton’s, by endogenic processes. The 
great variety of Triton’s endogenic landforms, and the 
fact that many are completely enigmatic, makes any 
speculation about the precise nature of Pluto’s endogen-
ic geological features dangerous.  However, New Hori-
zon’s vastly superior imaging coverage compared to 
that of Voyager at Triton (Fig. 1), coupled with its 
compositional mapping capabilities that were complete-
ly absent on Voyager, makes it much more likely that 
we will understand what we see at Pluto.  If similarities 
do exist, the higher quality of the New Horizons data 
may well lead to improved understanding of the geolog-
ical features on Triton. 

One way in which we know Pluto will look very 
different from Triton is in the contrast of its albedo fea-
tures.  Triton’s visible lightcurve amplitude was less 
than 5% at the time of the Voyager encounters, (though 
it may have increased recently [5]), compared to ~30% 
for Pluto, and HST images show regions of very low 
albedo on Pluto’s surface [6] that have no analogs on 
Triton.  The difference is plausibly related to the much 
higher CH4 content of Pluto’s atmosphere and surface, 
resulting in a much higher abundance of low-albedo 

carbon-rich photochemical products (tholins) on its 
surface.  These may have become spatially segregated 
on the surface by a process analogous to the thermal 
segregation that is probably responsible for the extreme 
albedo contrasts on Iapetus [7].  While the segregation 
process will differ in detail because of Pluto’s dense, 
collisional, atmosphere, it is at least plausible that the 
high albedo contrasts inferred from the HST images 
will persist to small spatial scales.  Loss of volatiles 
from somewhat warmer and darker regions, leading to 
further darkening [8], may result in a piebald surface 
lacking regions of intermediate albedo, as on Iapetus.   
In fact non-volatile surfaces may be largely covered 
with dark photochemical products, accounting for the 
low abundance of exposed non-volatiles like H2O and 
CO2 [8,9], in contrast to CH4-poor Triton where even 
non-volatile surfaces can remain clean. 
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Figure 1.  Comparison of New Horizons coverage and 
resolution at Pluto with Voyager 2’s coverage of Triton 
(red). Steps in the Pluto curve correspond to the resolu-
tion and coverage of specific planned observations, 
which are named in the figure.  Pluto coverage and res-
olution will be greatly superior to Voyager at Triton. 
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Interactions Between Pluto’s Surface and Atmosphere. 
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scope Science Institute, 3700 San Martin Dr., Baltimore MD 21218 (beginning June, 2013). 

 
Introduction:  Pluto’s atmosphere, composed pri-

marily of N2, is strongly coupled to deposits of that ice 
on the surface. This situation is quite different from 
most of the atmospheres of the other planets and satel-
lites, but is analogous to the situation on Mars (where 
CO2 is the relevant molecule), Triton (which also has an 
N2 dominated atmosphere), and perhaps to atmospheres 
that may at times arise around other large trans-
Neptunian objects.   

Many aspects of Pluto’s atmosphere and surface in-
dicate that the atmosphere is currently supported in 
vapor-pressure equilibrium with N2 ice on the surface. 
The latent heat of sublimation of N2 is so large that tiny 
pressure differences (<0.1 µbar) drive latent heat fluxes 
comparable to the flux of absorbed insolation (or radi-
ated thermal emission). As a result, the atmospheric 
pressure is determined by the global energy balance of 
the N2  ice, and that ice is expected to have the same 
temperature regardless of where it occurs on the sur-
face. Since the discovery of Pluto’s atmosphere, it ap-
pears that the N2 ice temperature is around 38K, and the 
surface pressure is 10-30 µbar.  

Sublimation-driven transport from areas of high in-
solation to darker regions is expected to control winds 
in the lowest ~scale height or so. Because Pluto’s orbit 
is significantly eccentric, and it’s rotation is highly 
oblique, Pluto’s vapor-pressure atmosphere is expected 
to experience significant seasonal variations. An open, 
and very interesting, question is whether Pluto’s atmos-
phere will freeze-out on the surface at some point in the 
orbit, and when freeze-out will occur. 

Models: Models of seasonal N2 ice transport are the 
framework in which Pluto’s (and Triton’s) surface-
atmosphere interactions have been studied (e.g. [1], 
[2]). These models have been informed by stellar-
occultation, spectroscopic, resolved-imaging, and ther-
mal-emission measurements of Pluto’s surface and at-
mosphere. Recent advances have been made in imple-
menting highly efficient volatile transport models [3], 
which will allow for more thorough exploration of the 
relevant parameter space, and for timely interpretation 
of New Horizons results. Global circulation models for 
Pluto have also been recently implemented ([4], [5]), 
and offer the chance to incorporate additional processes 
into attempts to understand the surface-atmosphere in-
teraction in a global sense. Ultimately, all such models 
attempt to predict the distribution of Pluto’s N2 ice 
(and, presumably, accompanying albedo patterns), at-

mospheric pressure, circulation and temperature, and 
their evolution over seasonal timescales.  

Second Order Interactions:  There are numerous 
ways in which the surface-atmosphere interaction is 
more complex than the simple vapor-pressure paradigm 
might suggest. These interactions can have observable 
effects on atmospheric pressure and temperature struc-
ture, the appearance of the surface (assuming that N2 
ice has a distinct albedo relative to other surface units), 
atmospheric circulation, and the seasonal evolution of 
atmospheric bulk. 

Composition and Atmospheric Temperature Struc-
ture. Pluto’s ices include other somewhat less volatile 
species such as CO and CH4, and their distribution on 
the surface and state of microphysical cohabitation with 
the N2 ice is expected to be complex. Furthermore, the-
se factors will influence, and be influenced by, their 
relative abundance in the atmosphere. This interaction 
is also important because the radiative properties of CO 
and CH4 are thought to form a thermostat that gives an 
upper-atmospheric temperature of about 100K. 

Atmospheric Heating. Heating of the atmosphere by 
the surface will affect the temperature structure of the 
lower atmosphere. Regions not covered by N2 ice (i.e. 
bedrock, for lack of a better term) will (necessarily) be 
warmer than that ice. Buoyancy created by such heating 
will drive convection, although the strength of the con-
vection is unknown. Models of this process [6] suggest 
Pluto’s atmosphere could include a troposphere. Con-
vective flows would also interact with the global-scale 
sublimation-driven winds, and could lead to the for-
mation of clouds. 

Thermal Inertia. The temperature of bedrock on 
Pluto will depend on the thermal inertia, Γ, of that ma-
terial. The applicable value of Γ probably depends on 
whether one considers diurnal temperature variations 
(which will only affect the upper few cm of the subsur-
face) or seasonal temperature variations (which will 
affect the upper meters of the subsurface).  Thermal 
inertia is an important parameter when trying to under-
stand atmospheric heating, but will also have strong 
influence on the movement of N2 ice in response to 
diurnal and seasonal variations in insolation (because 
the  N2 can only condense in areas cooler than the N2 
ice temperature). 

Diurnal Sublimation and Condensation. To date 
models have not accounted for transport of N2 ice on 
diurnal timescales. While the amount that could be 
transported is small, there could be important effects on 



longer-term transport if the diurnal layer increases the 
albedo of the surface locally. This would result in a 
(strongly) non-linear positive feedback that would mod-
ify the overall distribution (and therefore energy bal-
ance) of the N2 ice.   

Topographic Effects. Topography may also have a 
strong effect on the distribution of N2 ice. The decrease 
of pressure with altitude means that a patch of ice at 
higher altitude, but receiving the same insolation as a 
patch at lower altitude (and therefore with the same 
equilibrium temperature), will tend to sublimate while 
the lower patch would tend to experience condensation. 
This process operates very efficiently (much faster than 
seasonal transport rates, for example), and so locally 
will tend to drive the N2 ice into low-lying areas, leav-
ing higher areas bare. This process may also have im-
portant effects in the presence of regional or global 
topographic disparities.  

Sublimation at Depth. Spectroscopic observations 
require very large path-lengths of near-IR photons 
through N2 ice in order to produce even the very weak 
2.15µm band. It is likely that visible-light photons also 
travel significant distances through the ice, and that 
they may preferentially be absorbed deep within the ice, 
or at the interface between the  N2 ice and bedrock. On 
Triton, such absorption at depth is a possible driver for 
the geyser-like plumes detected in Voyages images, but 
requires a competent ‘lid’ of N2 ice to collect and direct 
the sublimation flow to a vent. If the N2 ice is instead 
fractured or granular, flow would locally be towards the 
surface. Some of the flow would likely condense in the 
upper layers of the ice deposit, causing vertical evolu-
tion and stratification of the ice texture, and potentially 
causing sublimating N2 ice to evolve to higher albedo. 
This process has been dubbed ‘solar gardening’ [7]. 

Atmospheric Pressure Gradients & Freeze-out.  
Pluto’s atmosphere is currently dense enough that sub-
limation-driven winds will have low velocities, requir-
ing only small pressure gradients to overcome Corriolis 
forces and result in transport between the hemispheres 
[8]. Because the required pressure gradient is small, the 
simplifying assumption that the N2 ice can be character-
ized by a single temperature is valid. If convection is 
strong, complex flow patterns might develop in the 
global circulation, and the isothermal-ice assumption 
might be less accurate, and there could be localized 
effects on the patterns of sublimation and deposition on 
N2 ice. Pluto’s eccentric orbit will result in significant 
reductions in insolation over the coming decades, and 
the atmospheric pressure will decrease as the N2 ice 
cools in response. If the surface pressure gets as low as 
about 0.1 µbar (corresponding to an N2 ice temperature 
of 31K), sublimation driven transport will require winds 
with velocities approaching the sound speed. Such 

strong winds can only flow in the presence of strong 
pressure gradients, and the atmosphere can no longer be 
considered to be in hydrostatic equilibrium at that point, 
and the isothermal ice assumption will also be violated. 
This state has been referred to as atmospheric collapse 
or freeze-out. Current models for seasonal transport and 
atmospheric flow will not be applicable in such a re-
gime, but should hold at somewhat higher pressures and 
temperatures, and so can be used to try and predict the 
onset of atmospheric collapse. There is one further 
complication in attempting to bridge the gap between 
current conditions and the few µbar/35K – 31K regime. 

Solid State Phase Changes. At 35.6K N2 ice under-
goes a phase transition from a more disordered phase 
(β) to the highly ordered (α) phase. As Pluto’s recedes 
from the Sun, the N2 ice on the surface will reach the α 
– β phase-transition temperature. The phase transition 
latent heat is about 0.1 times that of the sublimation 
latent heat, and so will retard further cooling as the ice 
converts to the α phase. The phase change also has im-
plications for the absorption and emission spectrum of 
the ice. Existing near-IR data show no evidence for the 
presence of the α phase (placing a lower bound on the 
atmospheric pressure of 4 µbar), which has a much nar-
rower absorption band. The far-IR spectrum is also 
quite different for the two phases, with α having two 
very narrow absorption bands near 140 µm and 200 µm 
while β has an extremely broad absorption band from 
about 100 – 500 µm. Hapke models predict a much 
lower emissivity for α- N2 than for β [9]. If a major 
mechanism for the radiative cooling of the N2 ice is 
emission in these bands (as opposed to from contami-
nants within the ice or from the substrate), the reduction 
in ice emissivity that accompanies the phase transition 
results in significantly higher equilibrium temperatures 
for the α phase. Because the atmosphere is hydrostatic 
at the phase transition temperature (and the ice isother-
mal), the α and β phases are energetically coupled via 
the atmosphere, and the N2 ice remains at the phase 
transition temperature until all of the β phase is con-
verted to α. For fairly conservative assumptions, this 
mechanism can prevent atmospheric collapse for dec-
ades, or prevent it entirely. 

References: [1] Hansen, C.J. and Paige (1996) Ica-
rus, 120, 247. [2] Spencer, J.R. (1990) GRL 17, 1769. 
[3] Young, L.A. (2013) AJ Lett. 766, L22. [4] 
Vangvichith, M., Forget, F. and Wordsworth (2011) 
EPSC 6, 1165. [5] Zalucha, A.M. et al. (2011) Icarus 
214, 685. [6]  Yelle, R.V. and Elliot (1997) in Pluto and 
Charon (S.A. Stern, D.J. Tholen, Eds.), 347. [7] Grun-
dy, W.M and Stansberry (2000) Icarus 148, 340. [8] 
Spencer, J.R. et al. (1997) in Pluto and Charon (S.A. 
Stern, D.J. Tholen, Eds.), 435. [9] Stansberry, J.A. and 
Yelle (1999) Icarus 141, 299. 
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Introduction:  The Alice instrument is a lightweight 
(4.4 kg), low-power (4.4 W), ultraviolet imaging 
spectrograph aboard the New Horizons mission to the 
Pluto system and the Kuiper Belt. Its primary job is 
to detect a variety of important atomic and molecular 
species in Pluto's atmosphere, and to determine their 
relative abundances so that a complete picture of 
Pluto's atmospheric composition and vertical struc-
ture can be determined for the first time. Alice will 
also be used during the flyby for numerous purposes, 
including to 1) search for an atmosphere around 
Pluto's largest moon, Charon, 2) observe the FUV 
reflectance of Pluto’s various satellites and Pluto 
itself, 3) study hazes, and 4) search for a hydrogen 
corona and tail around Pluto. Its design incorporates 

an off-axis telescope feeding a Rowland-circle spec-
trograph with a 52-187 nm spectral passband, a spec-
tral point spread function of 0.3-0.6 nm FWHM, and 
an instantaneous spatial field-of-view of 6 degrees. 
Two separate input apertures feed the telescope and 
allow for both airglow and solar occultation observa-
tions during the mission. The focal plane detector is 
an imaging microchannel plate (MCP) double delay-
line detector with dual solar-blind opaque photocath-
odes (KBr and CsI) and a focal surface that matches 
the 15-cm diameter Rowland-circle. Data taking 
modes include both histogram and pixel list expo-
sures. We will describe the scientific objectives, de-
sign, and capabilities of Alice in this review talk.  
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Introduction:  The discovery of Pluto’s system of 
small satellites has prompted both searches and mod-
eling work to determine how extensive the population 
of Pluto satellites is. Conventional wisdom argues 
that all of Pluto’s satellites should lie exterior to 
Charon, as Charon’s tidal evolution outward would 
have swept up or ejected extant satellites as it mi-
grated outward. However, more recently Winter et al. 
(2010) have discovered a class of exotic stable orbits 
that include orbits inside of Charon’s orbit.  
 
Synopsis: In this report we collect together all dy-
namical, observational, and other constraints on satel-
lites of Pluto orbiting inside Charon’s orbit. We also 
report on new dynamical simulations that constrain 
the masses of any such satellites. And we report on 
aerodynamic drag calculations which show that 
Pluto’s extended atmosphere constrains the popula-
tion of small satellites out to ~4000 km from Pluto, 
significantly beyond the Roche limit. Finally, we 
report on HST imaging and groundbased occultation 
work that also constrains the population of such satel-
lites. We then review the ability of New Horizons to 
detect satellites inside Charon’s orbit during its ap-
proach to and close flyby of Pluto in 2015.  
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Introduction:  NASA’s New Horizons (NH) Pluto-
Kuiper Belt (PKB) mission was selected for devel-
opment in 2001 following a competitive selection 
process. New Horizons is the first mission to the 
Pluto system and the Kuiper belt, and will complete 
the reconnaissance of the classical planets. The mis-
sion was launched on 19 January 2006 on a Jupiter 
Gravity Assist (JGA) trajectory toward the Pluto sys-
tem, for a 14 July 2015 closest approach to Pluto; 
Jupiter closest approach occurred on 28 February 
2007. The ~400 kg spacecraft carries seven scientific 
instruments, including imagers, spectrometers, radio 
science, a plasma and particles suite, and a dust 
counter built by university students. NH will study 
the Pluto system over a 7-month period beginning in 
early 2015. Following that, NH will go on to recon-
noiter one or two 30-50 kilometer diameter Kuiper 
Belt Objects (KBOs) if the spacecraft is in good 
health and NASA approves an extended mission. 
New Horizons has already conducted a successful 
encounter with Jupiter, collected valuable cruise sci-
ence data, and demonstrated the ability of Principal 
Investigator (PI) led missions to use nuclear power 
sources and to be launched to the outer solar system. 
As well, the mission has demonstrated the ability of 
non-traditional entities, like the Johns Hopkins Ap-
plied Physics Laboratory (JHU/APL) and the South-
west Research Institute (SwRI) to explore the outer 
solar system, giving NASA new programmatic flexi-
bility and enhancing the competitive options when 
selecting outer planet missions. The NH flyby of the 
Pluto system will represent a watershed in the scien-
tific exploration of a the solar system, which will 
include exploring new class of planets in the solar 
system—dwarf planets, and its satellite system. In 
this review talk I will provide a more in depth over-
view of the spacecraft, payload, and mission objec-
tives.  
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Introduction:  Ralph is a low mass (10.5 kg), low 
power (7.1 W), visible and IR remote sensing instru-
ment aboard the New Horizons spacecraft en route to 
the Pluto/Charon system and the Kuiper Belt.  
Ralph’s primary purpose is to map the geology, al-
bedo, surface composition, and temperature fields on 
the surfaces of Pluto and its satellites. Ralph’s tele-
scope feeds two sets of focal planes, the Multi-
spectral Visible Imaging Camera (MVIC) a visible, 
near-IR imager and the Linear Etalon Imaging Spec-
tral Array  (LEISA), a short-wave IR spectral imager. 
MVIC will use a large format (5000x32 pixel) CCD 
array to provide panchromatic (400 to 1000 nm) 
hemispheric maps of Pluto at a double sampled spa-
tial resolution of 1 km or better. Four additional 
5000x32 CCDs will provide hemispheric maps in 
blue (400 nm to 550 nm), red (550 to 700 nm), Near 
IR (780 nm to 1000 nm) and a narrow band methane 
channel (860 to 910 nm). These arrays operate pri-
marily in time delay integration (TDI) mode to in-
crease the integration time and therefore the signal to 

noise ratio of Ralph datasets. MVIC also contains a 
5000x128 element, framing array, providing data for 
both optical navigation and science.  LEISA is an IR 
spectral imager that operates in a push-broom mode. 
It images through a wedged filter (linear variable 
filter, LVF) placed close to a two-dimensional 
HgCdTe 256x256 pixel detector array. The filter has 
two segments. One covers 1.25 to 2.5 microns at a 
spectral resolving power (l/Dl)≥240 to obtain surface 
composition maps with a spatial resolution of 10 km 
or less. The other covers 2.1 to 2.25 microns with a 
spectral resolving power ≥560 obtain surface tem-
perature maps using the spectral shape of solid N2 
near its 35° K phase transition, and other thermally-
diagnostic features in the LEISA bandpass. Ralph’s 
optical system uses an all-aluminum, three-mirror 
f/8.6 anastigmatic design to provide a 5.7°x1.0° in-
stantaneous field of view. We will describe the scien-
tific objectives, design, and capabilities of Ralph in 
more detail during this review talk.  
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Introduction:  Although Charon’s H2O-ice surface 
has long suggested a lack of a permanent atmosphere 
(e.g., Stern et al. 1988), impacts from KBO and Oort 
Cloud comets must import N2, CH4, and other 
cometary super-volatiles that can create temporary 
atmospheres around Charon from time to time. Im-
pacts may also excavate volatiles below Charon’s 
surface, though this possibility is uncertain and 
model dependent. 
 
Synopsis: In this report I estimate the frequency of 
cometary impacts on Charon and the imported mass 
of super-volatiles from each such impact. I then ex-
amine certain aspects of such atmospheric transients, 
including number and column densities, mean mo-
lecular weights, scale heights, loss timescales, and 
dynamical regimes. I then estimate the probability 
that Charon currently has such a transient atmosphee 
in place and suggest telltale signatures of such at-
mospheres that may reveal themselves in New Hori-
zons imagery or spectra.  
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Abstract:  The Ultraviolet (UV) airglow observa-

tion of a planetary atmosphere provides an excellent 
way of remotely inferring composition and its spatial 
and temporal variability. The impending arrival of the 
New Horizons spacecraft at Pluto in 2015 offers an 
opportunity to test our understanding of airglow pro-
duction in a nitrogen (N2) atmosphere. This understand-
ing has developed from decades of analysis using ob-
servations from the nitrogen bearing atmospheres of 
Earth, Titan and Triton. We use an airglow model with 
heritage derived from spectral analysis of these atmos-
pheres to identify the UV features expected from New 
Horizons observations of Pluto using the Alice ultravio-
let spectrometer. We find significant differences with 
earlier modeling studies of the Pluto airglow, including 
the absence of the N2 CY′(0,0) band near 958 Å which 
was previously reported to be the brightest feature in 
the extreme UV. 

Introduction:  Based on observations from other 
N2 bearing atmospheres of the solar system1,2, we as-
sume that the Pluto airglow is dominated by photoelec-
tron excitation of N2 and photofragmentation of N2. We 
employ the Atmospheric Ultraviolet Radiance Integrat-
ed Code (AURIC) in order to simulate the expected 
emission features from the upper atmosphere of Pluto. 
Using a model atmosphere for Pluto derived from earli-
er work3 and a solar irradiance appropriately scaled to 
the distance of Pluto during the New Horizons flyby, 
we calculate photoelectron fluxes and production rates 
using laboratory measured emission cross sections. The 
Alice instrument on New Horizons is sensitive to wave-
lengths between 465-1881 Å, with a spectral resolution 
between 3-9 Å4. We take inventory of all emergent ex-
treme ultraviolet (EUV) and far ultraviolet (FUV) emis-
sion features expected at Pluto. For the special case of 
the extremely optically thick N2 CY(0,0) band near 958 
Å we use a separate multiple scattering algorithm de-
veloped for the Earth’s atmosphere, which has also 
been applied to the atmosphere of Titan to explain EUV 
airglow observations  there5,6.  

Results:  Nadir-viewing radiances for some im-
portant features at Pluto are shown in Table 1. We use a 
measured solar irradiance from 21 June 2011 scaled to 
the distance of Pluto during the 2015 encounter to 
simulate the expected solar irradiance. We find that the 
brightest feature within the Alice passband arising from 

processes on N2 is N I 1200 Å, with a radiance of 0.7 R. 
Other important N I and N II multiplets produced pri-
marily by photofragmentation are also listed. N2 FUV 
features such as those within the Lyman-Birge-Hopfield 
or Vegard-Kaplan systems are present but weaker. The 
resonant N2 CY(0,0) band is strongly photoelectron 
excited but optically thick to self-absorption and below 
the detection threshold of Alice (~0.1 R), in contrast to 
results from previous studies4,7. The emission within 
this system undergoes multiple scatterings, after which 
much of the emission ends up in the more optically thin 
CY(0,1) band near 980 Å. In contrast to previous stud-
ies4,7, we also find that emission features from carbon 
as well as those in the CO (4P) system should be weak 
and below the detection threshold of Alice. 

Table 1.  

Expected Radiances of Important Features at Pluto 

Feature Wavelength (Å) Radiance (R) 
N I 1200 0.7 
N I 1493 0.2 
N II 1085 0.2 

N2 CY(0,1) 980 0.2 
N2 CY(0,0) 958 0.0 

CO (4P) 1200-1900 0.0 
C 1657 0.0 

Summary:  We take inventory of all emission fea-
tures from the upper atmosphere of Pluto expected 
within the passband of the Alice spectrometer on New 
Horizons. The most prominent feature arising from 
processes involving N2 is the N I 1200 Å multiplet pro-
duced primarily from photofragmentation of N2. Alt-
hough the CY(0,0) band is strongly photoelectron ex-
cited, it is optically thick and below the detection 
threshold of Alice. We find that emission features of the 
CO (4P) band are also undetectable. 
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Abstract:  This talk will review the historical back-

ground on various approaches and predictions for at-
mospheric escape rates from Pluto. The basic theory 
underlying the various escape regimes will be dis-
cussed.  The importance of accurately knowing the so-
lar EUV and FUV heating fluxes and associated heating 
efficiencies as well as the stratospheric heating rates 
that control the underlying atmospheric structure will 
be reviewed. The escape problem will be illustrated 
with simple analytic models and thought experiments. It 
will be argued that constructing model atmospheres for 
Pluto and other KBOs must include dynamical, adia-
batic cooling, because it is not negligible in the lower 
stratosphere where dT/dr is large.  Although the range 
of atmospheric models for Pluto are hydrostatic with 
vertical velocities associated with atmospheric escape 
that are low, the low Mach number radial expansion 
does impact the thermal structure of the stratosphere 
and provides an important feedback process between 
escape rate and thermal structure. 
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Introduction:  When planetesimals encounter with 

a planet, the typical duration of close encounter during 
which they pass within or near the planet's Hill sphere 
is smaller than or comparable to the planet's orbital 
period. However, in some cases, planetesimals are cap-
tured by the planet's gravity and orbit about the planet 
for an extended period of time, before they escape from 
the vicinity of the planet. This phenomenon is called 
temporary capture. Temporary capture may play an 
important role in the origin of Kupier-belt binaries and 
irregular satellites [1, 2]. Recently, we investigated 
temporary capture of planetesimals initially on eccen-
tric orbits, and found that temporary capture orbits can 
be classified into four types [3, 4; Figure 1].  Their or-
bital size and direction of revolution around the planet 
change depending on planetesimals' initial eccentricity 
and energy. When initial eccentricity is so small that 
Kepler shear dominates relative velocity between 
planetesimals and the planet, temporary capture typical-
ly occurs in the retrograde direction in the vicinity of 
the planet's Hill sphere, while large retrograde capture 
orbits outside the Hill sphere are predominant for large 
eccentricities. Long prograde capture occurs in a very 
narrow range of eccentricity and energy of 
planetesimals. We obtained rates of temporary capture 
of planetesimals and found that the rate of long capture 
increases with increasing eccentricity at low and high 
eccentricity but in intermediate values of eccentricity 
decreases with increasing eccentricity. 

In the above studies, we mainly focused on the case 
of temporary capture by Jupiter. These results are not 
necessarily directly applicable to the Kuiper Belt, be-
cause the size of the Hill radius of planetesimas in-
creases with increasing distance from the Sun and tem-
porary capture occurs more easily in the outer part of 
the Solar system.  In the present work, we investigate 
temporary capture of  planetesimals in the Kuiper belt. 

Numerical Methods: We examine temporary cap-
ture using three-body orbital integration (i.e. the Sun, 
two planetesimals). When the masses of two 
planetesimals are much smaller than the solar mass and 
their orbital eccentricities and inclinations are suffi-
ciently small, the motion of one planetesimal in the 
rotating  coordinate system centered on the other is rep-
resented by Hill's equation. We integrate Hill's equation 
for planetesimals with various initial orbital elements, 
using the eighth-order Runge-Kutta integrator. 

We will discuss the characteristics and rates of tem-
porary capture in the Kuiper belt. 
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Figure 1: Examples of temporary capture from helio-
centric eccentric orbits. These figures show 
planetesimals’ orbits on the rotating coordinate system 
with a planet at the origin [3].  
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Introduction:  The Student Dust Counter (SDC) is 

an impact dust detector on board the New Norizons 
Mission to Pluto.  SDC was designed to resolve the 
mass of dust grains in the range of 10-12 < m < 10-9 g, 
covering an approximate size range of 0.5-10 µm in 
particle radius, in order to map the spatial and size dis-
tribution of interplanetary dust particles. These meas-
urements are used to validate the existence of predicted 
structures in our interplanetary dust disk. SDC provides 
the first dust measurements beyond 18 AU, where the 
Pioneer sensors stopped working. After the Pluto-
Charon fly-by, SDC will continue to measure dust as it 
transits through the Edgeworth-Kuiper Belt (EKB). 
These observations will provide insight about the dust 
production at the outskirts of our solar system and ena-
ble comparisons with dust disks around other start.  

  
Comparison to Model Results:  SDC data provide 

a unique opportunity to validate model results of the 
IDP distribution past 18 AU with direct measurements.  
The model we use to compare SDC data to is described 
in [1]. Briefly, we traced dust grains over a range of 
grain radii from the EKB throughout the solar system 
under the influence of gravity, solar radiation pressure 
and solar wind drag in order to establish a statistical 
equilibrium density distribution for each grain size.  All 
grains in the model were started with initial conditions 
randomly selected from known KBO’s. By keeping 
track of each grain’s position, a relative statistical equi-
librium density map can be calculated for each grain 
size.  As an example, Fig. 1 shows the column density 
for grains with radius 10 µm. The white line shows the 
trajectory of New Horizons integrated out to the Pluto 
encounter at 33 AU. 

In order to compare the model-predicted densities 
with the experimental measurements, the model densi-
ties at each grain radius are added together after appro-
priately weighting by an assumed power law distribu-
tion [2,3].  SDC’s results are compared to the model to 
derive estimates for the mass production rate and the 
ejecta mass distribution power law exponent. 

 
References: [1] Han, D., et al. (2011) Geophys. Res 
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Figure 1. Modeled column density of 10 µm dust with-
in ± 0.5 AU of the ecliptic plane, rotated into the Nep-
tune co-rotating frame. 
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Introduction:  Small satellites (less than 150 km radius) 
orbit all planets from Mars outward.  Binaries and satellites in 
this size range are also present in small body populations, 
including the Kuiper Belt.  Because bodies of this size gener-
ally are not thought to have internally driven processes, they 
are regarded as possible markers of the evolution of material 
in each planet’s system, or as gravitationally captured samples 
from the early history of the solar system.    
 
Information on small satellites varies greatly, with repeated 
surveys of Phobos, and the multiple-object surveys by Cassini 
providing much of the spacecraft-based knowledge.  Cassini’s 
survey of the small Saturnian satellites shows surface mor-
phology and shapes depend upon their dynamical niche. 
Groundbased techniques add a wealth of information, albeit 
spatially unresolved, on a large number of objects in virtually 
every Solar System small body population. 
 
Pluto’s four small satellites potentially share many qualities 
with other similar-sized objects found throughout the solar 
system. Nix, Hydra, P4 and P5 may be reaccreted collisional 
debris.  In this regard they may have analogs in the irregular 
satellites of the giant planets and with the small satellites of 
Haumea.  In terms of initial composition the four small Pluto 
satellites may have much in common with other Kuiper Belt 
objects, although, because they share a common gravitational 
well their surfaces may be homogenized by regolith ex-
change.  
 
Data from New Horizons will be of modest spatial resolution, 
such that comparisons to other systems will be on the basis of 
overall shapes, colors, and photometry.  Shapes (axial ratios) 
of most small objects are non-diagnostic, but the exceptions 
may be revealing of history or formation conditions.  Color 
nonuniformity may give clues about formation and resurfac-
ing processes.  Despite observational limitations, however, 
Nix, Hydra, P4 and P5 will emerge from the New Horizons 
encounter as four of the best characterized 100-km class ob-
jects in the Kuiper Belt. 
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Abstract: We present new detection limits on 

Pluto’s ring system from the stellar occultation of 
P384.2 by Pluto, as observed from the Anglo-American 
Telescope. Our analysis to date has not found any evi-
dence for a ring system or other unknown detectable 
material within the bounds of Hydra’s orbit. 

 Introduction: Pluto’s occultation of the R=14.8 
magnitude star P384.2 on 2006 Jun 12 was visible from 
the southern hemisphere. Results from the occultation 
of Pluto in our dataset have been published elsewhere 
[4]. In this work, we took advantage of the 2.5 hour 
length of our dataset to search it for additional occulta-
tions of P384.2 caused by material in the Pluto system, 
such as rings or additional satellites. Dusty rings at 
Pluto might naturally exist at the orbits of the satellites, 
which would provide a source of material as ejecta 
from micrometeoroid impacts is placed into the local 
environment.  

Observations: We (RF and KS) observed P384.2 
using the 3.9 meter Anglo-Australian Telescope at Slid-
ing Springs, Australia. Images were taken for using a 
Roper Instruments CCD at 10 Hz (3.5 km/sample), 
binned on-chip to 64x64 pixels [5]. Observations start-
ed roughly two hours before the occultation and ended 
30 minutes afterwards, yielding approximately 86,000 
individual frames spanning 2.5 hours. Data were taken 
continually, with short gaps every 20 minutes. The time 
for the orbits of Charon, Nix, and Hydra to all pass di-
rectly over P384.2 on both ingress and egress is approx-
imately one hour, and our dataset spans this period 
completely. 

Data analysis: We used aperture photometry to 
measure the brightness of Pluto, P384.2, and four field 
stars on every frame. Photometry apertures were typi-
cally 6.5 pixels in diameter, increasing somewhat when 
Pluto and P3484.2 approached each other in the field. 
After processing, the P384.2 light curve is extremely 
stable, with SNR ~ 100. Using SPICE, we determined 
the times at which the projected orbits of Charon, Nix, 
Hydra, and the Pluto barycenter would cross the line-
of-sight to P384.2. 

We searched the data set for any signals arising 
from additional occultations. We searched in particular 
for events which correlated with orbital crossing times, 
with the expectation that meteoroid impacts into the 
satellites could be the source of ring material, as they 
are in the dusty rings of the giant planets. We found no 
such detectable features at the several-percent level.  

Conclusions: We have found no evidence for pre-
viously unknown material in the Pluto system, either 
correlated with known satellite locations or elsewhere. 
We will present our formal upper limits for material in 
this region, and compare it to limits from occultations 
[1, 2] and direct imaging [3]. 
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Figure 1: Light curve from the 3.9-meter AAT observations of Pluto’s occultation of P384.2. 
Shown here is the central hour of our 2.5-hour data set; this plot spans the ingress and egress of 
the orbits of Charon, Nix, and Hydra across P384.2 (dashed colored lines). The two-minute 
gaps are for data readout and timer synchronization. We find no obvious signature of rings at 
these orbit crossings or elsewhere in the dataset. 
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Introduction:  With the impending Pluto flyby of 

New Horizons in 2015, it seems reasonable to look 
elsewhere in the solar system for potential analogs that 
may provide insights into what we might observe on the 
surface of Pluto.  There are at least 4 solar system bod-
ies where the primary atmospheric constituent is in va-
por-pressure equilibrium with surface volatiles: Mars, 
Io, Triton, and Pluto.  Of these, Mars is the best studied.  
This study uses Mars as an analog to identify potential 
processes that may be observed on Pluto. 

 
Table 1: Mars-Pluto Atmospheric Comparisons. 

Atmosphere Mars Pluto 
Major Constituent CO2 [1] N2 [2] 
Fraction of  Atmos. 95% 99% 
Pressure 200-1000 Pa [1] .3-7.1 Pa [3] 
Minor Volatiles H2O CH4, CO 
 

 
Figure 1: Mars south polar TES albedo mosaic overlaid 
on MOLA shaded-relief.  Warm colors indicate bright 
regions, such as the perennial cap and the Mountains of 
Mitchel.  Cool colors indicate dark regions, such as vola-
tile-free soil and the “cryptic region.” 

Comparison of Mars and Pluto:  Both Mars and 
Pluto have highly elliptical orbits.  Mars’ atmosphere is 
95% CO2 and 25-30% of that atmosphere is seasonally  
frozen onto the winter hemisphere [4-6].  Pluto’s at-
mosphere is 99% nitrogen, at least part of which is also 
seasonally deposited on the surface as ice [2].   Mars 
has three polar climate zones with differing processes: 

(1) north polar seasonal cap (NPSC) with access to H2O 
reservoirs [7], (2) south polar seasonal cap between 
30⁰E and 210⁰E (SPSC-E) which remains dark during 
the spring sublimation season [8-11], and (3) the south 
polar seasonal cap extending from 210⁰E through the 
prime meridian to 30⁰E (SPSC-W), which brightens 
with increasing insolation [9-11].  Each of these three 
polar climate zones provides examples of processes that 
may be observed on Pluto.  

.   

 
Figure 2: Mars South Polar Fans as observed by HiRISE.  
The dark fans are composed of dust.  The bluish fans are 
composed of fine-grained CO2 [14]. 

The Cryptic Region of Mars’ Southern Springtime 
Seasonal Cap (SPSC-E):  The seasonal caps of Mars 
generally appear bright, with the notable exception of 
the cryptic region [8-9,11].  Plumes from the jets have 
yet to be directly observed, but the presence of dark and 
bright fans that appear to originate from dark spots pro-
vide strong circumstantial evidence [9,12-13].  NIR 
spectroscopic evidence suggests that the dark fans are 
composed of dust that was exuviated from under the ice 
and propelled into the air as part of the CO2 gas jets.  
The bright fans, which are more transitory, are com-
posed of fine-grained CO2 ice, and are likely the result 
of the gas recondensing due to adiabatic expansion 
[14].   At least for the southern hemisphere, H2O ice 
does not seem to play a role in the jet-forming process 
or as a major component of either the bright or dark 
fans [14]. However, on Pluto – the volatile minor ices 
may be apparent.  If fans caused by jets are observed, 
the fans could be composed of N2 ice from adiabatic 
cooling of the jet, CH4 ice if mixed with the N2 ice in 
sufficient quantities, or perhaps “Plutonian dust” com-
posed of tholins.  

Bright Albedo Part of the Southern Cap (SPSC-W): 
This part of the southern cap brightens with increasing 



insolation [15]. Fans have been observed but only in the 
early spring while the CO2 ice remains dark (or cryptic) 
[16].  As an analog for Pluto, some of the N2 ice may 
brighten as solar insolation increases.  On Pluto, this 
brightening effect could be the result of changes in light 
scattering properties due to the transition between the 
cubic α and hexagonal β ice phases at 35.61 K [17].   

The H2O Ice Annulus of Mars Northern Springtime 
Seasonal Cap (NPSC): MGS TES observed a bright 
annulus of intermediate temperatures (~ 180 K) sur-
rounding the retreating seasonal CO2 ice cap.[18].   
Kieffer and Titus speculated that this bright annulus 
consisted of water ice.  Later NIR spectroscopic obser-
vations by OMEGA and CRISM confirmed that the 
annulus was composed of H2O ice.  The process that 
creates this H2O ice annulus was first suggested by 
Houbin et al. [20].  They describe a process by which 
the H2O ice is initially left as a sublimation lag after the 
CO2 ice sublimes.  Ultimately, the H2O ice also sub-
limes, but due to eddies at the edge of the seasonal cap, 
much of the H2O vapor is cold-trapped back onto the 
CO2 cap, thus increasing the H2O ice content.  This 
process continues until all of the seasonal CO2 has sub-
limed.  

 

 
Figure 3: Mars Southern Cap Edges with TES tempera-
tures [K]: H2O (blue outline) and CO2 (red outline).  (This 
is Fig. 2 from [19]). 

  In addition to the presence of an H2O ice annulus 
that tracks the seasonal cap retreat, occasional brighten-
ing of the entire seasonal cap will occur [20]. This tem-
porary brightening of the cap albedo (referred to as 
"flashing") typically lasts for a day, and then returns to 
normal. This type of flashing is most likely due to a 
sudden exposure of an H2O ice reservoir, followed by 
cold trapping of water vapor across the entire cap, re-
sulting in a thin and temporary layer of bright water 
frost.  

The equivalent processes on Pluto may be a me-
thane ice annulus that tracks the treating seasonal N2 ice 
cap or a sudden brightening of the seasonal N2 ice due 
to cold-trapping of methane after a large methane reser-
voir is released into the atmosphere.   

 
Simple Model Results: Results from a simple 

thermal model will be presented.  Fig. 4 shows the 
results from a single model run with a constant albedo 
and emissivity of 0.8.  Future runs of this model will 
include albedo changes due to the α-β N2 phase 
transitions. 

 

 
Figure 4: Simple thermal model run showing column den-
sity of seasonal ice (whiter = more ice), latitude of the sub-
solar point (red) and the atmospheric pressure (blue).  
Axis units are in degrees. 

Conclusions:  New Horizons should look for: 
• N2/CH4 gas jets. 
• Evidence of past jet activity could be 

bright N2 or methane “frost” fans, or dark 
“tholan” fans. 

• A methane annulus that may surround the 
retreating seasonal N2 ice cap. 

• Sudden changes in albedo of the entire sea-
sonal cap due to sudden release and recon-
densation of methane. 

References: [1] Owen et al. 1977, JGR, 82, 4635. 
[2] Owen et al. 1993, Sci, 261, 745. [3] Young, 2013, 
ApJ, 766, 22. [4] Tillman et al., 1993, JGR, 98, 10963. 
[5] Forget & Pollack, 1996, JGR, 101, 16865. [6] Kelly 
et al., 2006, JGR, 111, E03S07. [7] Jakosky & Barker, 
1984, Icarus, 57, 322. [8] Titus et al.,1998, 30th DPS, 
#20.05.  [9] Kieffer et al., 2000, JGR, 105, 9653. [10] 
Colaprete et al., 2005, Nature, 435, 184. [11] Titus et 
al., 2008, in Ch25, Mars Surface Composition.  [12] 
Kieffer 2000 [13] Kieffer et al 2006, Nature, 442, 793. 
[14] Titus et al 2007, AGU, #P24A-05. [15] Paige, 
1985, Ph.D. Calif. Inst. Of Tech. [16] Piqueux et al. 
2003, JGR, 108, 5084.  [17] Duxbury & Brown, 1993, 
Sci., 261, 748. [18] Kieffer & Titus, 2001, Icarus,  154, 
162. [19] Wagstaff et al. 2008, PSS [20] Houbin et al. 
1995, J. Geophys. Res., 100, 5501-5523. 



The Atmosphere and Nitrogen Cycle on Pluto as Simulated by the PlutoWRF General Circulation Model 
 

A. D. Toigo1, R. G. French2, P. J. Gierasch3, and M. I. Richardson4, 1Johns Hopkins University Applied Physics 
Laboratory, 11100 Johns Hopkins Road, Laurel, MD 20723, USA (Anthony.Toigo@jhuapl.edu), 2Wellesley Col-
lege, Wellesley, MA 02481, USA, 3Cornell University, Ithaca, NY 14853, 4Ashima Research, Pasadena, CA 91106. 

 
Introduction:  Extending our linear classical tidal 

model [1] to a full 3D general circulation model 
(GCM), we describe early application of the planetary 
Weather Research and Forecasting (WRF) General Cir-
culation Model [2,3] to Pluto.  The PlutoWRF GCM 
includes treatment of the energy balance at the surface 
due to subsurface thermal diffusion, sensible heat ex-
change with the atmosphere, solar and thermal infrared 
heating, and latent heating due to N2 phase changes.  
Heating within the atmosphere has thus far been treated 
using relaxation to the observed profile described in 
Toigo et al. (2010) [1], though the explicit radiative 
heating scheme detailed in Strobel et al., 1996 [4] is 
currently being implemented in the model. 

Simulations With No N2 Cycle:  We will initially 
show results from simulations with inactive nitrogen 
cycling and with an observed thermal profile used for 
radiative relaxation at all latitudes.  In this case, the 
imposed strong thermal inversion and uniform meridio-
nal heating limits the development of overturning circu-
lation and the result is a rather quiescent and primarily 
zonal flow with little meridional heat transport or circu-
lation.  These results are similar to those published in 
Zalucha and Michaels (2013) [5] using the MITgcm. 
Qualitative differences between our results, following 
the observed occultation-derived profile of Toigo et al. 
(2010) [1] and those with the MITgcm are the location 
of the “tropopause” (the top of the thermal inversion), 
which we place at approximately 25 km vs. the 
MITgcm results; and, the temperature of the isothermal 
layer above this, which we place at about 100 K, vs. 
about 75 K for the MITgcm.  Since the thermal struc-
ture in the PlutoWRF GCM directly reflects the thermal 
forcing (the very weak circulation is unable to signifi-
cantly modify the thermal structure via adiabatic heat-
ing, as also found by Zalucha and Michaels (2013) [5]) 
differences between the models result almost entirely 
from differences in thermal forcing.  While the 
MITgcm uses an explicit radiative forcing, the selection 
of thermal structure “fits” is by forward modeling of 
observed light curves.  The differences in thermal struc-
ture between PlutoWRF and the MITgcm thus amount 
to differences in the quality of the light curve fitting 
rather than anything intrinsic to the respective dynam-
ical models. 

Simulations With An Active N2 Cycle:  The addi-
tion of an active nitrogen cycle makes the GCM simula-
tions far more sensitive to initial conditions, especially 

to the initial choice of ice distribution, pressure, and 
(sub)surface temperatures.  This results rather directly 
from the fact that heated ice deposits will sublime and 
add significant atmospheric mass to the model, while 
cooled regions will act as “cold finger” sinks [6]. 

We conducted simulations to explore the effect of 
different assumptions regarding initial state (and vigor 
of the N2 cycle) on the circulation and thermal struc-
ture.  Integrations were performed at the season (and 
orbital parameters) with solar and thermal forcing ap-
propriate to the observed temperature profile of Toigo 
et al. (2010) [1].  With uniform initial ice and approxi-
mately equinoctial solar forcing, ice rapidly sublimes 
from the subsolar latitudes.  If the atmospheric and sur-
face radiative timescales are made short, this results in a 
rapid dayside-to-nightside flow.  With longer radiative 
timescales, the flow switches from subsolar-to-polar.  
The effect of the initial thermal inversion imposed in 
the lower atmosphere is to concentrate this flow in the 
lowest layers, generating very rapid winds.  However, 
this transient solution rapidly results in atmospheric 
heating and the strong modification of the thermal 
structure extending from the surface up above 100 km.  
As such, while interesting as an ideal state, active ice at 
all latitudes can be excluded on the basis of breaking 
model agreement with the observed thermal structure 
(in addition to not being viable in multi-annual thermal 
modeling [6]). 

We have conducted additional simulations with evo-
lution of surface ice away from the subsolar latitudes.  
This is equivalent to seeking a “steady state” ice distri-
bution (although the history-dependence of the ice dis-
tribution is itself dependent on the total ice inventory, 
which is not well constrained [6]).  We find that as we 
allow the surface ice deposits to more closely approxi-
mate a balance state, the condensation flow weakens 
and the thermal structure becomes more strongly radia-
tively controlled and reverts to better agreement with 
occultation-derived thermal profile observations.  This 
is equivalent to noting that as we remove the source of 
the condensation flow (which is driven by ice instabil-
ity), the circulation and thermal state revert to those that 
characterize the simulation with no N2 cycle (as we 
would expect). 

Conclusions:  Initial results of simulations with the 
PlutoWRF GCM reconfirm the idea that in the absence 
of a strong condensation cycle, the atmosphere will be 
quiescent and dominated by a strong thermal inversion 



in the lowest few scale heights.  Our results further 
suggest that the vigor of the N2 cycle on Pluto can be 
constrained to a significant degree by the influence of 
the associated condensation flow on the thermal struc-
ture.  In order to retain agreement with the occultation-
derived observed atmospheric thermal structure, and 
assuming a simple “ice / no ice” system, our simula-
tions suggest an ice distribution that is very close to its 
ideal, instantaneous thermal-balance distribution, i.e., 
showing little “memory” of prior states for earlier sea-
sons. 
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Introduction:  Pluto’s  high obliquity and orbital 

eccentricity, as well as its cryogenically supported at-
mosphere, are expected to result in extreme seasonal 
changes in the atmospheric  bulk and surface distribu-
tion of volatile ices. The primary driver is the diurnally-
averaged insolation absorbed by these ices, consisting 
of N2, CO, and CH4, which determines their tempera-
ture. The resulting vapor pressure, which supports the 
atmosphere and drives “sublimation winds” across the 
seasonal hemispheres that redistribute the upper few 
mm of ice while greatly affecting the atmospheric bulk, 
depends on the ice composition and structure, as well as 
on the temperature. The success of general circulation 
models in predicting the seasonal changes and in char-
acterizing the sublimation winds will depend critically 
on how the vapor pressures of these ices are evaluated 
self-consistently. For pure ices, the vapor pressure is 
given simply by the temperature, which also determines 
the phase of the ice at Pluto’s low atmospheric pressure. 
However, for solid solutions, the vapor pressure is addi-
tionally a function of the ice mole fractions, which for 
the deposition phase is a function of the atmospheric 
composition. Pluto’s spectrum reveals CH4 bands that 
are both shifted in wavelength, consistent with solid 
CH4 dissolved in solid N2, and unshifted, consistent 
with the pure ice. There has not yet been any resolution 
between the two models proposed for explaining 
Pluto’s spectrum and high (~1%) atmospheric mixing 
ratio: The “detailed balancing” model (DBM) [1], 
which assumes thermodynamic equilibrium in the ki-
netic interaction between the ice surface and atmos-
phere to explain the phenomena in terms of solid solu-
tions. The “hot methane patch” model [2] assumes that 
rapid, non-equilibrium sublimation produces a relative-
ly involatile, essentially pure, surface lag deposit that 
heat up enough to explain the observations. According 
to this model, a hot spot area of 1-3% of Pluto’s surface 
explains the observed CH4 mixing ratio. With net sub-
limation and deposition, Pluto’s atmosphere cannot be 
in strict thermal equilibrium with the surface yet there 
is no explanation of what can be so special about 1-3% 
of Pluto’s surface to generate the relatively warm me-
thane deposits. We discuss below the interpretation of 
further observations from the viewpoint of the DBM 
that further highlight the vapor pressure ambiguity. 

Interpretation of Spectra:  It is noteworthy that 
Triton’s spectrum does not show the unshifted CH4 
band while showing lower CH4 mole fraction in the ice 
and mixing ratio in the atmosphere. This and Pluto’s  

double-lined CH4 spectrum suggest that CH4 is more 
abundant in Pluto’s ice than on Triton, fully saturating 
solid N2 with the excess forming a CH4-rich solid solu-
tion of N2 saturated in CH4. This would explain Pluto’s 
double-lined spectrum. On Triton, the absence of de-
tected unshifted lines would indicate an abundance of 
CH4 too small to produce a detectable amount of the 
CH4-rich component. In equilibrium, the relative pro-
portion of these two solid solutions does not affect the 
vapor pressure (or thermodynamics), which  therefore 
should be equal for the separated saturated components. 
Raoul’s law breaks down here because of chemical 
activity. Further laboratory data are needed to resolve 
the uncertain vapor pressure of these phases. With the 
CH4-rich saturated grains likely being lighter than the 
N2-rich ones, the dispersal by winds may explain the 
compositionally varying longitudes of Pluto observed 
spectrally, thus explaining the apparent segregation of 
species. 

Constraint of the Elevated CH4 Mixing Ratio:  
Since hot CH4 patches are constrained to 1-3% of 
Pluto’s surface  area by the observed mixing ratio 
(through the ratio of the upward and downward CH4 
mass fluxes of the model), it cannot explain the conti-
nent-sized apparent segregation of species and of pure 
methane in particular. This supports our interpretation 
of these large areas as mixtures of two solid solutions of 
longitudinally varying proportions. But even in the hot 
spots, the vapor pressure is not given by that of pure 
CH4; it is much less in this model due to suppression by 
impacts from the mostly N2 atmosphere. This further 
complicates the task of assessing a vapor pressure for 
constraining predictions of seasonal change. 
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Introduction: In  recent  years  a  lot  of  effort  has 
been devoted to understanding how the outer solar sys-
tem has evolved into its  current  dynamical  state,  fol-
lowing the formation of the giant planets. Planet migra-
tion, caused by the gravitational interaction of the plan-
ets  with  a  massive  disk  of  planetesimals  [1],  is 
nowadays considered to have played a decisive role in 
this evolution and different migration models have been 
proposed, attempting to explain the orbital evolution of 
the planets and the distribution of trans-Neptunian ob-
jects. In this talk we will review the basic premises of 
these models and, especially, their predicitons concern-
ing the formation of Pluto and the Kuiper Belt.   

Smooth planet migration:  Already since the mid-
90's, a “smooth”, outward migration of the major plan-
ets was invoked to explain Pluto's  capture into reson-
ance with Neptune and its unusually high eccentricity 
[2][3].  According  to  this  model,  the  major  planets 
formed closer to the Sun than nowadays observed (e.g. 
Neptune formed near ~23 AU) and smoothly migrated 
towards their current orbits. In order for its eccentricity 
to reach its current value, Pluto must have formed near 
~34 AU; its eccentricity increased due to adiabatic in-
variance as Pluto migrated outwards, along with the 3:2 
resonance.     

In the same context (smooth planet migration), [4] 
and [5] examined the possibility that parts of the Kuiper 
belt did not form in situ but, rather, KBOs were trans-
ported to their current orbits during planet migration. In 
particular, [4] suggested that the “hot” population ori-
ginated in the interplanetary region and KBOs were im-
planetd in the Kuiper Belt region, after being scattered 
outwards by the planets, while [5] suggested that also 
the “cold” population is non-local, cold KBOs having 
been  transported  into  the  Kuiper  Belt  after  getting 
trapped and dragged along by the 2:1 resonance with 
Neptune. 

The Nice model: One of the main reasons that lead 
to an alternative migration model was that smooth mi-
gration was leading to almost perfectly circular and co-
planar planetary orbits, due to dynamical friction with 
the disk particles. This argued for a dynamical mechan-
ism that  could  excite  the  planetary  orbits  to  the  ob-
served level. [6] realized that such a mechanism could 
be the crossing of a mean motion resonance between 
two migrating planets,  the most  promising one  being 
the 1:2 resonance between Jupiter and Saturn. Indeed, 
[6] showed that, provided that Jupiter and Satrun were 
formed on orbits with a period ratio smaller than 2, the 

outer solar system could become temporarily unstable 
upon resonance crossing, the planetary orbits becoming 
eccentric. As the planetesimal disk is depleted, the sys-
tem could become stable again, the planets settling on 
orbits very similar to their current ones, As shown in 
[7]-[8],  such  an  instability  would  have  system-wide 
consequences and, provided it can occur late enough, it 
could produce an intense bombardment of the inner sol-
ar system, with similar characteristics to the LHB.

Following the publication of the “Nice model”,  as it 
became  known,  a  number  of  papers  were  published, 
demonstarting how such a “violent”  migration  of  the 
planets could explain a number of observations, such as 
e.g. the Neptune Trojans [9] and the irregular satellites 
of the giant planets [10]. 

In 2008, [11] showed that the Kuiper Belt could be 
formed during the instability phase of the Nice model, 
suggesting that all KBO sub-populations (hot, cold and 
resonant)  are  essentially  non-local  in  origin,  having 
formed closer to the Sun. Their different physical prop-
erties were mostly attributed to their different formation 
location (inner/outer disk). It  is worth noting that this 
formation scenario also suggests that Pluto could have 
formed much closer to the Sun than previously thought. 
It is likely that the collisional history of Pluto could be 
quite different in this case,  as opposed to the smooth 
migration scenario. 

Model refinement:  The main drawbacks of the ori-
ginal Nice model can be summarized to (a) the “made-
up” initial conditions for the planets (this is also true for 
the smooth migration models though) and (b) the seem-
ingly critical dependence of the instability time on the 
parameters of the planetesimal disk. The first issue was 
addressed  in  [12],  where  hydrodynamical  simulations 
were used to support that differential gas-driven migra-
tion could have lead the outer planets to get “locked” in 
a  quadruple  resonant  configuration,  similar  to  the 
Laplacian resonance in the Jovian satellites. While this 
seemed  to  “pin  down”  the  initial  conditions  for  the 
planets, it actually made it harder to solve problem (b), 
as it required fine-tunning of the disk parameters in or-
der for the instability to occur late. 

Problem (b) was actually resolved by [13], where it 
was demonstrated that velocity stirring, caused by close 
encounters of small planetesimals with Pluto-sized ob-
jects,  could lead to  secular energy exchange between 
the planets and the distant planetesimal disk. The plan-
ets could eventually break-off their mutual resonance – 
without  the  need  for  close  encounters  with  disk 



particles – thus becoming unstable. As shown in [13], 
for realistic values of the disk parameters, the onset of 
the instability is naturally delayed, so that it could coin-
cide with the onset of the LHB. As the disk becomes 
depleted,  the  orbits  of  the  planets  become more  and 
more stable.

As shown in [14], the revised initial conditions for 
the planets lead to a smaller set of “good” solutions for 
their final orbits; this is a direct consequence of the fact 
that the instability is more violent in this model (more 
closely “packed” planets).  On the other hand, as also 
shown in [14], in situ formation of the “cold” Kuiper 
Belt could be reconciled with the Nice model, at least 
for  a  given  set  of  possible  planetary  evolutions.  The 
same was shown to hold in [15] where (as in [16]) a 5-
planet model was considered (an “extra” ice giant, lost 
during the instability); a model that increases the suc-
cess rate of Nice-model-like evolutions.

Discussion: Planet migration played a decisive role 
in shaping our solar system. Nice-model-like evolutions 
can explain much of the observed dynamical configura-
tion. However, it is clear that as these models become 
more and more refined, the unstable character of the un-
derlying dynamical processes make it harder and harder 
to pin down a narrow set of initial conditions that could 
reproduce all the desired observables, within the frame-
work of a unique model. 

Some clues to the course of events that shaped our 
system may be hidden in the Kuiper Belt, as different 
models (smooth vs. chaotic) most likely correspond to 
different  collisional  evolution  histories  and/or  forma-
tion  regions  for  Pluto  and  the  KBOs.  This  certainly 
needs to be further explored, in the light of New Hori-
zons.   
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Introduction:  Recent hybrid fluid/molecular kinet-

ic models for Pluto’s atmosphere (Erwin et al., 2013; 
Tucker et al. 2012) demonstrate that Pluto’s upper at-
mosphere may be warmer and more extended than pre-
viously thought. For such an extended atmosphere we 
examine the effect of Charon on the molecular escape 
rate for solar minimum and solar medium conditions.  
In addition we consider Pluto’s primary constituent N2 
as a source of molecules for Charon that can be re-
emitted and form a tenuous atmosphere. Including 
Charon’s gravity and orbital motion in the simulations, 
the atmosphere on the Pluto’s Charon facing hemi-
sphere is more strongly bound to the system and be-
comes more extended than the atmosphere on Pluto’s 
the anti-Charon hemisphere. We calculate a ~10-15% 
smaller escape rate from Pluto, but the escape from the 
Pluto/Charon system, is increased by ~1-2%. Much less 
than 1%, of the flux from Pluto’s exobase impinges on 
Charon, so that it is not a significant sink as compared 
to escape. However, this impinging flux of molecules, 
~1025 s-1, is a source of a tenuous surface-boundary 
layer atmosphere on Charon. Such an atmosphere might 
be detectable during the solar occultation that will occur 
during the New Horizon encounter. This could provide 
a direct measure of the transfer of gas between bodies 
in this binary object. 
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A COMPLETE  3D GLOBAL CLIMATE MODEL (GCM) OF THE 
ATMOSPHERE OF PLUTO
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Introduction  :  Pluto  has  a  predominantly 
tenuous N2 atmosphere,  in  which CH4 and  CO are 
present  with  no  negligible  quantities.  This 
atmosphere results from the sublimation equilibrium 
of  these  ices  at  surface  temperatures  near  40K. 
During the last twenty years, observations by stellar 
occultations have shown that  the thermal  profile  is 
composed of : 
-a stratosphere with an important thermal gradient
- just above, an isotherm part with a temperature of 
100±20K.
However,  there  is  little  information  about  its  low 
atmosphere.  
  Pluto  currently  generates  much  interest,  notably 
because it is the target of the mission New Horizons. 
Some  3D  models  [1]  have  been  built  but  are  not 
complete.  To  better  understand  the  Pluto  dynamic 
and  its  thermal  structure,  we  have  developed  a 
complete  3D  general  circulation  model  of  Pluto's 
atmosphere. 

Description  of  the  3-D model  :    The 
model  includes  parameterizations  (figure  1)  of  1) 
turbulent  mixing  and  convection  in  the  boundary 
layer,  2) thermal conduction and heat storage in the 
surface and sub-surface 3) molecular  conduction in 
the upper atmosphere 4) N2 condensation/sublimation 
on the surface and in the atmosphere [2] 5) radiative 
transfer  of  CH4 and CO molecules  and 6)  the CH4 

cycle  (sublimation,  transport,  condensation  in  the 
atmosphere and on the surface; see abstract by Forget 
and  Vangvichith,  this  issue).The  dynamical  core 
employs  a  grid  point  model  composed  of  32 
longitudes,  24  latitudes  and  25  layers  distributed 
from the surface to about 150 km. 

Results  :  The  key  assumption  in  Pluto  GCM 
simulations is the initial distribution of surface ices. 
In  our  baseline  simulation,  we  have  taken  the 

“Modified Grundy and Fink” surface map from [3] 
which assumes three kind of  surfaces  (N2 ice,  CH4 

ice, Tholins) and which is derived from observations 
taken in the 80s and 90s. In fact, because the surface 
thermal  evolution  timescale  and  the  atmospheric 
radiative  timescale  are  very  long,  we  perform 
simulations starting in 1988 and ending in 2015 (at 
the periods of the New Horizons flyby)  taking into 
account the seasonal variations of insolation. 
Without any ad-hoc tuning, this baseline model of the 
Pluto  climate  simulates  a  realistic  atmosphere  in 
comparison with the observations. and allows us to 
investigate  on the atmospheric circulation,  to  study 
winds and waves for different years of observations : 
2007, 2010 and 2015 (forecast). The thermal profile 
is  consistent  with  observations  [4]  and  shows  the 
absence  of  a  troposphere  (figure  2).  The  zonal 
circulation is characterized by retrograde circulation 
near  the surface  (probably induced by the nitrogen 
condensation/sublimation flow) and a super-rotation 
(somewhat  analogous  to  Titan)  between  10  and 
80km, with prograde zonal winds of the order of 10m 
s-1. The diurnal cycle induces thermal tides planetary 
waves  (diurnal  and  semi-diurnal)  which  propagate 
upward.  (figure  4).  Retrograde  winds  blow  at  low 
altitudes, due to condensation flux. Figure 5 displays 
a map of winds at 10m.

Figure  1  :   An  illustration  of  the  different  physical  
parameterizations taken into account in the Pluto GCM. 



Figure 2 : Comparison of thermal profiles : 1) black solid  
line : GCM, 2) red solid line : model of Zalucha et al., 3)  
brown solid line : profile of Strobel et al. [5] and 4) blue  
line : occultations (2006 and 2007)

Time (Pluto days)
Figure 3 : GCM Temperature anomaly (instantaneous  
minus diurnal mean, in K) at 0°N O°E in 2007,  illustrating  
the presence of diurnal thermal tides below 100 km and  
semidiurnal tides above 100 km.   

Figure 4 : Mean zonal winds in 2007 (m s-1).

Figure 5 :  Map of temperature (K) and wind vectors at  
10m in 2007
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Introduction:  We present near-infrared spectra 

0.96 – 2.45 µm of Pluto obtained with TripleSpec[1], a 
facility instrument at the Astrophysical Research Con-
sortium’s 3.5-m telescope at Apache Point Observatory 
in Sunspot, New Mexico. TripleSpec is a cross-
dispersed near-infrared spectrograph that provides si-
multaneous wavelength coverage in five spectral orders 
at a spectral resolution (λ/Δλ) of R=3500. 

Observations: Using TripleSpec we acquired spec-
tra of Pluto on 19 July 2010, 6 April 2012, and 22 April 
2013 UT.  The sub-Earth latitudes on 19 July 2010 was 
-44o and the sub-Earth longitude was 157o. On 6 April 
2012, the sub-Earth latitude and longitude were -49o 
and 236o, respectively, and on 22 April 2013, the sub-
Earth latitude and longitude were -50o and 112o. 

Evidence for Seasonal Change:  The observing  
geometry of our 22 April 2013 spectrum most closely 
matches that of a spectrum of Pluto we obtained [2] 
using the CorMASS [3] spectrograph while it was a 
visiting instrument at the 6.5-m Magellan telescope at 
Las Campanas, Chile, in May 2005. Our CorMASS 
spectrum was centered over latitude -36o, longitude 
123o and suggested the presence of pure ethane on 
Pluto’s surface.  Although the CorMASS spectrum was 
acquired at lower spectral resolution (R~300), the close 
proximity of sub-Earth locations between our spectra 
obtained in 2005 and 2013 enables comparisons be-
tween spectral absorption bands due to the presence of 
CH4, CO, and N2 ice.  Differences in these spectral 
bands may be attributed to composition and/or tempera-
ture changes on Pluto’s surface in the past eight years.  
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The effects of dissipative bouncing collisions in a

particle cloud in virial equilibrium

Abstract

In protoplanetary disks around young stars planets form from initially µm-
sized dust particles. In the formation process the size of the particles increases
with many orders of magnitude: µm dust to km-sized planetesimals to planets
with sizes up to > 104 km. Formation of planets is done in different stages with
different governing forces. From planetesimals to planets gravity is the dominant
force and planetesimals can be accumulated to form terrestrial planets and giant
planet cores. The earliest stages can also be explained by coagulation of dust
particles. When small dust particles collide they can stick together via surface
forces, van der Waals forces. This process works up to mm-cm-sized particles
when particles tend to bounce or fragment rather than stick when they collide.
I work on one way to overcome this barrier.

I investigate a scenario where I have a self-gravitating cloud of particles of
a certain size that is in virial equilibrium. I place the cloud at some distance
from the Sun and assume that the initial size of the cloud is equal to the Hill
sphere of the mass of the cloud. In this cloud, as the particles move around,
collisions between particles will occur. Next I assume that these collisions are
not elastic so some energy is dissipated in each collision. Since the cloud is in
virial equilibrium it will therefore get more and more bound and contract for
each collision. This is a runaway process and results in the collapse of the cloud
into a solid body. If you do an analytic approximation of this collapse time
you find that a Pluto mass cloud of cm-sized particles at a Pluto distance from
the Sun and assume perfectly inelastic collisions it collapses on a time scale of
order years only. However collisions might not be perfectly inelastic and during
the collapse the particles start to move faster and faster and at some point the
collisions will result in fragmentation instead of bouncing. Nonetheless this is
an interesting result which I plan to investigate in computer simulations where
I can add an initial size distribution, coagulation and fragmentation to the
calculations.



PLUTO’S SMALL SATELLITES 
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Introduction: Four small satellites have been dis-

covered in the Pluto system, highlighting its complexity 
and challenging theories of its formation and evolution. 
All the new satellites were discovered using the Hubble 
Space Telescope (HST). Nix and Hydra were found 
during deep exposures with the Advanced Camera for 
Surveys (ACS) in 2005 [1, Fig. 1], P4 (provisional 
name) was detected using the Wide Field Camera 3 
(WFC3) in 2011 [2], and P5 (provisional name) was 
discovered using WFC3 in 2012 [3, Fig. 2]. Nix and 
Hydra can now be routinely observed using large 
ground-based telescopes, but P4 and P5 have only been 
detected with Hubble. Future observations with the 
Atacama Large Millimeter Array (ALMA) should be 
capable of detecting thermal radiation from Nix and 
Hydra, which will more tightly constrain the albedos 
and sizes of those satellites. New Horizons will provide 
resolved imaging of the small satellites and global 
compositional information. 

Dynamical Properties:  All the small satellites ap-
pear to lie in the Pluto-Charon orbital plane and to be in 
circular orbits, within the current measurement uncer-
tainties. Remarkably, the small satellites also appear to 
lie near Mean Motion Resonances (MMRs) with Char-
on with period ratios of 1:3:4:5:6 for Char-
on:P5:Nix:P4:Hydra. Dynamical simulations by multi-
ple groups [4,5,6] show that Charon clears satellites and 
debris in the region ~0.8-2.1 a0 from Pluto (a0 is the 
Pluto-Charon separation), and no new objects have 
been discovered in that region. Families of stable orbits 
exist inside Charon’s orbit [7], but the proximity to 
Pluto and Charon makes it very difficult to search for 
small satellites or debris in that region. We can current-
ly rule out any satellites brighter than Nix or Hydra 
within Charon’s orbit, but P4 or P5 sized objects could 
easily escape detection there. LORRI on New Horizons 
is expected to discover objects down to ~7x fainter than 
P5 in this region. 

All the small satellites discovered to date lie well 
outside Charon’s orbit, near the MMRs where the dy-
namical simulations show that stable orbits are possible. 
Although many stable orbits exist between Hydra’s 
distance (64,700 km from the barycenter) and the outer 
edge of the solar tidal stability zone (at ~2 million km), 
and observations in that region are not strongly affected 
by scattered light from Pluto and Charon, no satellites 
down to P5’s brightness (V~27) have yet been detected. 
New Horizons will only provide modest sensitivity im-
provements in this region. 

Physical Properties: There have not yet been any 
resolved observations of the small satellites, nor have 
any stellar occultations been detected. Thus, infor-
mation on the size and shape of the small satellites must 
be inferred indirectly from photometry and light curves. 
The latest photometric results [8] indicate significant 
variability in the measured brightnesses of the small 
satellites, with preliminary values ranging from ±10% 
for Nix and Hydra to ±25% for P5 and ±40% for P4. 
These brightness variations are probably indicative of 
non-spherical body shapes, but there could plausibly be 
surface albedo variation as well. New Horizons will 
provide spatially resolved images of Nix and Hydra, 
possibly with hundreds of pixels across their diameters 
in the best cases. NH should also provide spatially re-
solved images of P4 and P5, but those data will be 
much more limited. 

Several authors have attempted to use subtle dy-
namical effects to constrain the  masses of the small 
satellites [9,10]. In particular, the dynamical stability of 
P4 suggests that both Nix and Hydra have masses at the 
lower end of their plausible ranges [10]. 

Composition: Pluto’s small satellites are too faint 
to be observed spectroscopically from the Earth, but 
limited color data (e.g., B-V) on Nix and Hydra are 
consistent with Charon’s  [11] color, supporting the 
suggestion that the small satellites may be exchanging 
material with Charon [12]. New Horizons will test this 
hypothesis further by obtaining extensive color obser-
vations of Charon, Nix, and Hydra, and more limited 
data on P4 and P5. And infrared spectral mapping of 
Pluto’s satellites with LEISA can investigate the com-
positional interrelationships even  more extensively. 

Dust Hazard: The small satellites are pummeled 
over time by impacts from small Kuiper belt objects 
passing through the Pluto system. These impacts eject 
debris that can escape the small satellites but remain 
bound to the Pluto system, potentially forming dust 
rings that might pose a hazard to the New Horizons 
spacecraft as it flies by Pluto at 13.8 km/s. However, 
these dust rings, if they exist, are probably extremely 
tenuous (τ ≈ 10-11). Furthermore, at the time of the 
Pluto-Charon orbit plane crossing, the trajectory of the 
New Horizons spacecraft is being programmed to fly 
through a region dynamically cleared by Charon, and to 
stay away from the “debris generators” (i.e., the small 
satellites), effectively mitigating the impact hazard risk. 
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 Fig. 1: Deep (1900 s) Hubble ACS/HRC F606W 
image of the Pluto system taken in February 2006, 
clearly showing Nix and Hydra. P4 is hidden in Pluto’s 
diffraction spike, and P5 is too faint to be seen. 
 
 
 
 

 
Fig. 2: Deep Hubble WFC3 F350LP image of the Pluto 
system taken in July 2012, showing Pluto (O), Charon 
(O), Nix (O), Hydra (O), P4 (O), and P5 (O). 
 
 

 
Fig. 3: Cartoon illustrating Pluto’s system of satellites 
as of July 2013.  
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Introduction:  Geologic mapping is an important 

tool that planetary geologists use to understand the 
origin and evolution of planetary surfaces. Normally 
planetary geologic mapping is conducted using data 
obtained from orbiter missions to produce regional to 
global-scale geologic maps derived from data sets ob-
tained at the consistent photometric conditions and spa-
tial resolutions afforded by a uniform orbit. However, 
useful geologic maps have been constructed from im-
ages obtained by planetary flybys (e.g., Mariner 10 at 
Mercury, Voyager & Galileo at the Jovian satellites) to 
understand the evolution of terrestrial planets and outer 
planet satellites. Thus, it would be entirely appropriate 
to apply geologic mapping to the upcoming New Hori-
zons (NH) images of Pluto and its moons to help derive 
their geologic histories. 

This abstract will discuss the case for applying geo-
logic mapping to the NH Pluto system images to im-
prove our understanding of their surfaces.   
 Why Geologic Mapping?: The importance of 
geologic mapping as a tool to understand the evolution 
of the terrestrial planets and satellites has been 
discussed by Carr et al. [1, 2], Greeley and Carr [3], 
Wilhelms [4], Tanaka et al. [5], and Hansen [6]. The 
goal of planetary geologic mapping is to place 
observations of surface features into their stratigraphic 
context in order to develop generalized geologic 
timescales that provide a sequence of events for the 
evolution of planetary surfaces [see 1]. The Earth’s 
geologic timescale was developed by correlating 
relative ages from extensive field studies with absolute 
ages obtained from radiometric dating of hand samples. 
Likewise, the lunar geologic timescale was developed 
by correlating relative ages from planetary mapping 
using telescopic and Lunar Orbiter photographs with 
absolute ages obtained from samples returned by the 
Apollo manned landings. For the other planets and 
satellites, relative stratigraphy and estimates of ages 
from impact crater populations have proven useful in 
understanding their geologic evolution. This would be a 
new exercise for Pluto and its moons, as New Horizons 
will provide the first detailed observations of their 
surfaces. 
 The advantage of geologic mapping over 
photogeology alone is that it reduces the complexity of 
heterogeneous planetary surfaces into comprehensible 
proportions, in which discrete material units are defined 
and characterized based upon specific physical 
attributes related to the geologic processes that 

produced them. The distributions of these units are then 
mapped, along with visible structural features, in order 
to identify the relative roles of impact cratering, 
volcanic, tectonic and gradational (i.e., weathering, 
erosion, and deposition) processes in shaping their 
surfaces. Application of this technique to the Moon 
revealed the heterogeneous nature of its surface [see 7], 
and the return of samples confirmed the complex 
geologic evolution of the Moon. The stratigraphic 
techniques developed for early lunar studies [8, 9] are 
now the basis for the study of other planets and 
satellites [4, 10]. 
 Planetary geologic mapping has been applied to 
most terrestrial planets and satellites for which adequate 
imaging data are available. The nature of planetary 
surfaces must be interpreted within the context of the 
internal and external geologic processes that resulted in 
their present state. The relative roles of these two broad 
classes of geologic processes (internal or external) can 
be assessed from stratigraphic studies. In the case of 
NH at Pluto, the images obtained will reveal the surface 
for the first time, and enable an initial assessment 
whether these objects are dominated by internal 
(cryovolcanism and/or tectonism) or external (impact 
cratering and gradation) processes. The point is that 
geologic mapping has aided in the understanding of the 
processes that produced complex surfaces on the 
terrestrial planets and outer planet satellites, and that (in 
general) spectroscopic and geophysical analyses of a 
planetary body can be investigated far better if the 
geologic setting of the site is known first. This is a 
fundamental concept in terrestrial geology, but it is a 
concept that has found slow acceptance in the 
exploration of other planets and satellites in the Solar 
System. 

The stratigraphic sequences and photogeological 
maps of the Moon were developed based upon the pio-
neering work of Shoemaker and Hackman [11]. These 
maps provided a context for other geological and geo-
physical studies (e.g., the Surveyor program), culminat-
ing in the program to map the nearside of the Moon to 
aid site selection for the manned Apollo landings. Wil-
helms [10] “codified” the techniques developed for geo-
logic mapping of the Moon, which were adapted to 
Mars in a systematic mapping program using Mariner 9 
images [e.g., 12] and later Viking images [e.g., 13]. A 
similar program was established for the Galilean satel-
lites with Voyager data [14]. Since the 1960s, lunar, 
venusian, and martian mapping programs have focused 



for the most part on the production of individual re-
gional quadrangle maps using available orbital imagery 
involving numerous investigators. However, regional to 
nearly hemispheric to global geologic maps were pro-
duced from flyby imaging of Mercury by Mariner 10 [9 
maps: e.g., 15-17], of the Jovian satellites by Voyager 1 
and later Galileo [e.g., 18-20], and most recently for an 
area of Titan using Cassini RADAR flyby data [21]. 
Given the success of geologic mapping from these pre-
vious flyby missions, geologic mapping of flyby images 
of Pluto and its moons using NH data should be at-
tempted to aid the NH Science Team to understand bet-
ter the geologic complexities that might appear on their 
surfaces. 
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Introduction:  
In previous works [1,2] we have studied the location of 
stable regions in the Pluto-Charon system.  We found 
several stable regions for a sample of test particles lo-
cated between the orbits of Pluto and Charon. Some of 
these particles are in orbits around Pluto and some of 
them in orbits around Charon. One peculiar stable re-
gion in the space of the initial orbital elements is lo-
cated at a = [0.5d, 0.65d] and e =[0.2, 0.9], where a and 
e are the initial semi-major axis and eccentricity of the 
particles,  respectively,  and  d  is  the  the  Pluto-Charon 
distance  (Figure  1).  This  peculiar  region  (hereafter 
called sailboat region) is associated to a family of peri-
odic orbits derived from the circular, restricted 3-body 
problem (Pluto-Charon-particle). More recently [3] we 
explored the extent of sailboat region by adopting dif-
ferent initial values of the orbital inclination and argu-
ment of the pericenter of the particles. Sailboat region is 
present for I = [0, 90◦ ], and for two small intervals of 
ω, ω = [−10◦, 10◦] and ω = (160◦, 200◦). Since the exis-
tence and size of this stable regions depend sensitively 
on the initial values of the orbital inclination and argu-
ment of pericenter, the extent is much smaller than the 
whole space of initial conditions. 

         Current work:

In  the  present  work  we analyze  the  relevance  of  the 
Sailboat island for the New Horizons mission. First we 
identified the location and extent of the stable trajecto-
ries in physical space around Pluto. They go beyond the 

trajectory of Charon in a way that Charon never crosses 
such trajectories. However, we verify that the planned 
trajectory  of  the  New  Horizons  spacecraft  passes 
through the region  of  the  Sailboat  island trajectories. 
The existence of particles (small boulders) in such re-
gion might result in a collision with the spacecraft, what 
would be catastrophic for the whole mission. Then, we 
explore the relative density of probability of having par-
ticles in such region compared to well known stable cir-
cular trajectories close to Pluto (Figure 2). The prelimi-
nary results indicate that the risk may not be negligible, 
needing further studies.

Figure 2. Density of trajectories of the sailboat island.

Therefore,  it is reduced the possibility of the New 
Horizons finding objects in this region during its pas-
sage through the Pluto system.

References: 
[1]  Giuliatti  Winter,  S.M.;  Winter,  O.C.;  Fernandes 
Guimarães, A.H.; Silva, M.R. (2010) MNRAS, 404, 442-450.
[2]  Giuliatti  Winter,  S.M.;  Winter,  O.C.;  Vieira  Neto,  E.; 
Sfair,  R.  (2013a)  MNRAS  430,  1892-1900.  [3]  Giuliatti 
Winter, S.M.; Winter, O.C.; Vieira Neto, E.; Sfair, R. 
(2013b). A peculiar stable region around Pluto, MNRAS 
(submitted).

Acknowledgment:  
This  work  is  supported  by  FAPESP  (proc. 

2011/08171-3),  and  the  Federal  Brazilian  agency 
CNPq. 



USING ORBITAL STABILITY TO CONSTRAIN THE MASSES OF PLUTO’S MINOR MOONS 
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Introduction:  Astrometric measurements of orbital 

motion in the Pluto system do not yet  precisely con-
strain the masses of the known minor moons: Nix, Hy-
dra, P4 and P5 [1].    The long term orbital stability of 
the system provides a complimentary method to con-
strain system masses [2].  Our calculations indicate that 
the orbital stability of P4 likely requires low masses for 
Nix and Hydra, below 5 × 1016 kg and 9 × 1016 kg re-
spectively [2].  These constraints lie an order of magni-
tude below previous constraints from astrometric orbit 
fitting alone [1].  For a density of 1 g cm-3, our results 
imply that the albedos of Nix and Hydra are  > 0.3.  We 
also find that the 5:1 resonance with Charon can desta-
bilize P4.  Combined with current estimates of P4’s 
orbital period [3], we conclude that P4 most likely lies 
just outside the 5:1 with Charon [2]. 

Methods:  Our main results (above) follow from a 
an ensemble of few body simulation of the Pluto system 
in isolation from any external perturbations.  Pluto, 
Charon, Nix and Hydra interact as gravitating point 
masses, while P4 (and P5 when included) are treated as 
massless test particles, allowing the simulateous inte-
gration of many test orbits.  We use the Radau integra-
tor provided with Swifter [4], taking care to monitor 
energy errors. The short period of Charon makes (large 
numbers of) Gyr calculations impractical.  Hence we 
rely on extrapolation from runs with higher masses of   

 
Fig 1:  The orbital stability timescale, in years, for P4 
to cross the orbit of Nix or Hydra increases as the as-
sumed masses of Nix and Hydra decrease.  

Nix and Hydra (Fig. 1). 
Implications: Ongoing observations, especially by 

New Horizons will refine the orbits, albedos and masses 
of bodies in the Pluto system.  Stability calculations 
should remain a useful tool to refine these parameters 
and aid in the interpretation of models for the system’s 
intriguing origin [4. 5]. 
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 Fig 2:  Stabilty time for P4 vs. its orbital period for 
different choices of the masses of Nix and Hydra (la-
belled as albedo for an assumed density of 1 g/cm3).  



EVIDENCE FOR RECENT CHANGE IN PLUTO’S HAZE ABUNDANCE.
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Introduction:  Pluto’s 1988 stellar occultation 
lightcurve showed a discontinuity just below the half-
light radius which was attributed to either the onset of a 
haze layer [1] or to a thermal inversion [2]. 

Evidence for haze or clouds. Strong evidence for 
haze in Pluto’s lower atmosphere was observed during a 
2002 occultation that was observed in wavelength 
bands ranging from 0.65 to 2.2 µm [3]: the minimum 
flux during that event increased as a function of wave-
length, as one would expect if sub-micron haze parti-
cles were present in Pluto’s atmosphere (Fig. 1).

Figure 1. Evidence for wavelength-dependent haze 
extinction in Pluto’s atmosphere [3]. Haze particles 
would be expected to scatter light more effectively at 
shorter wavelengths. During a 2002 occultation, the 
minimum flux levels were correlated with wavelength.

Subsequent modeling of haze production rates in 
Pluto’s atmosphere (scaled from models of haze pro-
duction on Titan) suggests that no reasonable haze pro-
duction rate can produce the observed 2002 multi-
wavelength lightcurves. Instead, condensed droplets are 
presented as a solution, with accompanying require-
ments that there be a troposphere in which the droplets 
form [4].

The haze disappears. Subsequent occultations that 
were measured in two wavelengths did not show evi-
dence of a wavelength-dependent scatterer. A 2007 
event was observed from Mt John Observatory (New 
Zealand) at 0.51 and 0.76 µm with virtually no color 
difference  (Fig. 2) and a 2011 event was observed from 

San Pedro Martir Observatory (Mexico) in Johnson I- 
and K-bands, also showing no color differences (Fig. 
3).

Figure 2. A central-flash occultation observed from 
Mt John, NZ in 2007 at 0.51 µm (blue) and 0.76 µm 
shows no evidence of enhanced extinction at the 
shorter wavelength.

Figure 3. A 2011 lightcurve was simultaneously ob-
served in I- and K-bands from San Pedro Martir 
(Mexico). The residuals show no evidence of 
wavelength-dependent extinction.

Constraints from Supersaturated CH4:  Recently 
a much stronger constraint on haze abundance has be-
come available. The direct detection of gas-phase meth-
ane on Pluto [6], combined with temperature profiles 
derived from Pluto occultation lightcurve obtained in 
2006 and later,  suggests that methane is supersaturated 
in Pluto’s troposphere [4, 5]. We have run run micro-
physical models with very modest haze productions and 
find that even slight supersaturation levels of CH4 are 



incompatible with the presence of haze particles as nu-
cleation sites.

Conclusions:  There are now multiple lines of evi-
dence that the wavelength-dependent extinction layer 
which existed on Pluto in 2002 (and perhaps before) 
ceased to exist by 2006 and later.  Occultations observed 
in multiple wavelengths in 2007 and 2011 show no evi-
dence of wavelength-dependent extinction. In addition, 
if Pluto’s troposphere is supersaturated in methane (as 
suggested in [4] and [6]), then we have a very strong 
constraint limited the production rate of hazes on Pluto.
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Plans for NASA's New Horizons Encounter with the Pluto System 
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New Horizons is a NASA mission to explore the 
Pluto system and the Kuiper Belt.  The spacecraft was 
launched on 19 January 2006 and will begin its encoun-
ter studies of Pluto in early 2015, culminating on 14 
July 2015 with a close approach just 12,500 km from 
Pluto. The spacecraft carries panchromatic and color 
imagers, IR and UV mapping spectrometers, a radio 
science package, two in situ plasma instruments, and a 
dust counter.  

Planning for the New Horizons science operations at 
Pluto is very advanced [1,2]. Twenty-seven days of the 
encounter have already been sequenced, spanning 21 
days before to 6 days after closest approach. The period 
nearest closest approach has already been rehearsed on 
the spacecraft, and a more complete 9-day test is sched-
uled for execution just weeks before this meeting. 

The New Horizons encounter meets or exceeds the 
Group 1 (required) goals of 0.5 km/pix panchromatic 
and 1.5-5 km/pix color maps of Pluto and Charon, 10 
km/pix composition maps of their surfaces, and various 
measurements of Pluto's neutral atmosphere (Table 1). 
It also meets or exceeds all the Group 2 (highly desired) 
and Group 3 (desired) goals specified by NASA or 
adopted by New Horizons, including stereo and high-
resolution imaging, imaging and composition mapping 
of Nix and Hydra, and searching for rings and satellites. 
One Group 3 goal, the search for magnetic fields, is 
only addressed indirectly. 

I will describe in detail the observations planned for 
Pluto and its system of satellites. I will cover the start of 
science operations in January 2012 through the final 
approach observations the final three weeks (final three 
Pluto rotations), the intensive 24 hours near closest ap-
proach, and the departure measurements. I will summa-
rize the observations for geology, surface composition, 
atmospheric science, and other disciplines. I will end 
with a brief description of our downlink and PDS ar-
chive plans. 
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Table 1: Summary of key observations of the New Horizons encounter with the Pluto system 
Target Panchromatic Color Surface composi-

tion 
Atmosphere 

Pluto 0.46 km/pix  
0.09 km/pix regional 

0.64 km/pix 
 

6.0 km/pix  
2.7 km/pix local 
 

Airglow 
UV solar occultation 
UV stellar occultation 
UV stellar appulses 
Radio occultation 

Charon 0.61 km/pixel  
0.15 km/pixel regional 
 

1.40 km/pix 
 

8.4 km/pix  
4.7 km/pix local 
 

Airglow 
UV solar occultation 
Radio occultation 

Nix 0.46 km/pix 
0.29 km/pix possible 

1.98 km/pix 
 

3.6 km/pix  
 

Not applicable 

Hydra 1.14 km/pix 4.60 km/pix 
 

14.6 km/pix  
 

Not applicable 

P4 3.2 km/pix 
2.0 km/pix possible 

44 km/pixa 

8 km/pix possibleb 
24 km/pixa Not applicable 

P5 3.2 km/pix 8 km/pixb 200 km/pixc Not applicable 
a Disk-integrated. b Possibly disk-integrated. c Disk-integrated; probably no useful SNR. 
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Introduction: Pluto's thin atmosphere transports 

frosts from areas of high insolation to areas of low inso-
lation. The N2-rich atmosphere is in equilibrium with 
the frozen N2 on the surface; as the N2-rich volatiles 
warm up or cool down, the overall atmospheric pres-
sure increases or decreases, perhaps by orders of mag-
nitude over a Pluto year. I have developed a new 3-
dimensional volatile transport model, VT3D, that calcu-
lates temperatures as a function of latitude, longitude, 
and depth [1,2].   

Model: As in [3,4], energy is balanced locally be-
tween (i) insolation, (ii) thermal emission, (iii) conduc-
tion, (iv) internal heat flux, and, in areas covered by 
solid N2, (v) latent heat of sublimation and (vi) specific 
heat needed to raise the temperature of the volatile slab. 
Advantages of VT3D are rapid calculation based on an 
efficient matrix formulation, accurate and stable semi-
implicit timesteps, and an initial condition that de-
creases the time to reach convergence.  

Diurnal results: For areas bare of volatiles, thermal 
behavior is generally described with a thermal parame-
ter related to thermal inertia [4], where large thermal 
parameters indicate a suppressed temperature variation. 
I define two additional thermal parameters, related to 
the specific heat of the volatile slab and the latent heat 
of sublimation. The temperatures of the surface can be 
expressed analytically with these three parameters, al-
lowing for physical insight and rapid calculation of 
temperatures. N2 is distributed unevenly over Pluto's 
surface. If the N2 thermal emission were in instantane-
ous balance with the globally averaged insolation, then 
the pressure would vary by a factor of 12. However, 
thermal inertia of the substrate, specific heat of the 
volatile slab, and, most importantly, the latent heat of 
sublimation keeps the surface pressure constant over 
Pluto's day to within 0.15%. 

Seasonal results: The latitudinally averaged sea-
sonal calculations with VT3D are very fast, about 10 
seconds per simulation, allowing a large parameter 
space search. Of 672 cases, only 51 were roughly con-
sistent with stellar occultations. Rough comparison with 
visible, thermal, and infrared observations narrowed the 
list of favored models to only 19.  

Fourteen of these have Permanent Northern Vola-
tiles (PNV, using rotational North pole; Fig 1, top) or 
only has a short period when the northern hemisphere is 
bare of volatiles. These have thermal inertia near that of 
pure H2O ice and less than a factor-of-10 variation in 
Pluto's surface pressure over a Pluto year. 

Four of the favored 19 cases have smaller thermal 
inertia, ~10 J m-2 s-1/2 K-1, near that derived from its 

diurnal thermal signature [6]. All four cases with 
smaller thermal inertia have complete exchange of 
volatiles between the hemispheres. Three of these pre-
dict northern volatiles three decades after equinox, and 
pressure variation of several orders of magnitude (Fig 
1, middle). Only one case predicts a collapse in the at-
mosphere before the arrival of New Horizons (Fig 1, 
bottom), with essentially complete collapse before the 
arrival of New Horizons.  

 

Fig 1. Over views 
of Pluto’s orbit 
with the latitudinal 
distribution of 
frost indicated on 
the tiny globes.  
Top: Large ther-
mal inertia, show-
ing Permanent 
Northern Volatiles 
(PNV). 
Middle: Small 
thermal inertia, 
with moderate 
total N2 inventory. 
In this Exchange 
with Pressure Pla-
teau (EPP) case, 
pressures stay high 
for decades after 
equinox. 
Bottom: Small 
thermal inertia, 
with little total N2 
inventory. In this 
Exchange with 
Early Collapse 
(EEC) case, pres-
sures peaks shortly 
after equinox. 
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The recent Cassini-Huygens Mission to the Saturn 

system provides compelling evidence that the present 
state of Titan’s dense atmosphere is unsustainable over 
the age of the Solar System [1]. Instead, for most of the 
time Titan’s atmosphere must have been in a collapsed 
snowball state, characterized by a cold surface and a 
thin atmosphere, not unlike that of Pluto or Triton [2]. 
Human observers probably arrive at a privileged time 
during the third episode of outgassing on Titan [3], 
thereby gaining a sobering insight into the transience 
and fragility of the only other dense N2 atmosphere in 
the Solar System. Lessons from Titan may prove inval-
uable as humanity contemplates the destiny of its own 
atmosphere, which is seriously impacted by anthropo-
genic forcing [4].  

 
We will briefly review how the present Titan atmos-
phere exists due to a sensitive coupling between photo-
chemistry, radiation and dynamics [5, 6, 7]. This deli-
cate “house of cards” must have collapsed in the past 
when it ran out of CH4 or when the sun was dimmer. 
We will also review the isotopic fractionation data on 
H-, C-, N- and O-bearing molecules obtained by Cassi-
ni-Huygens that support the newly emerging perspec-
tive on Titan (see Table 1). The forthcoming New Hori-
zons Mission to Pluto and the Kuiper Belt may allow us 

to gain insights into the fine balance and the evolution-
ary history of certain planetary atmospheres. 
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Table 1. Isotopic composition of selected chemi-
cal species in the atmosphere of Titan (adapted 
from [8] and [9]). For comparison, reference val-
ues for the terrestrial atmosphere are listed.  

Isotope 
Ratio Species Titan Obser-

vation 
Terrestrial 
Reference 

D/H H2 
(1.35 ± 0.30) 

× 10-4 1.56× 10-4 

 CH4 
(1.59 ± 0.33) 

× 10-4  

 C2H2 
(2.09 ± 0.45) 

× 10-4  
12C/13C CH4 86.5 ± 8.2 89.4 

 C2H2 84.8 ± 3.2  
 C2H6 89 ± 8  

14N/15N N2 167.0 ± 0.6 270 
 HCN 65 ± 12 

76 ± 6  
16O/18O CO 380 ± 60 499 

 CO2 346 ± 110  
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Introduction:  Since  its  discovery  in  1988  [1], 
Pluto's atmosphere has undergone many subsequent ob-
servations via ground based stellar occultation measure-
ments  [2–5] and spectroscopic  measurements  [6].   A 
number of analysis techniques have been used to derive 
temperature as a function of altitude (i.e.  temperature 
profiles), including: assuming an idealized model to fit 
the occultation data to [7];  the inversion method [8], 
where  the  light  curve  flux  is  integrated  downward 
without any assumption for the shape of the temperat-
ure profile (however an upper boundary condition is re-
quired, which can lead to significant errors); and per-
forming a parameter sweep by varying parameters of a 
physically  based  model  and  comparing  with the data 
[9].  While these techniques have yielded valuable res-
ults  regarding  Pluto's  vertical  temperature  structure, 
they are static; in other words, missing the transport of 
heat by wind.  Thus, it is time for a new class of mod-
els: general circulation models (GCMs).  GCMs operate 
over the entire globe and over long time scales.  They 
solve the Navier-Stokes equations on a sphere,  which 
simultaneously solves for temperature, 3D velocity, and 
surface pressure.  Here, we use a GCM to predict the 
temperature  profiles  that  the radio  science  experment 
(REX) [10] instrument on New Horizons will observe 
during the radio occultation experiment.  These predic-
tions will be the most physically comprehensive predic-
tions to date.

Model  Setup:   Our Pluto GCM is based  on the 
Massachusetts  Institute  of  Technology  (MIT)  GCM. 
The dynamical  core solves the primitive equations of 
geophysical  fluid  dynamics  in  3D  using  the  finite 
volume method on an Arakawa C-grid [11].  The model 
atmosphere  is  hydrostatic  and  compressible  and  may 
exchange mass with the surface via a source/sink term 
in the continuity equation.   Convective adjustment  is 
performed on the temperature profiles to prevent super-
adiabatic temperature profiles.  The default configura-
tion has neither viscosity nor vertical diffusion, but uses 
an  eighth-order  Shapiro  filter  to  remove  numerical 
noise.  In the horizontal, a cubed-sphere grid [11] with 
32 x 32 points per cube face is used, equivalent to a 
grid spacing of 2.8° at the equator.  Compared to the 
more common cylindrical  projection grid (i.e., a latit-
ude/longitude grid), this type of horizontal grid elimin-
ates  singularities  at  the  poles  that  force  meridional 
winds to zero and removes the requirement for Fourier 
filtering  in  the  high  latitudes  (in  order  to  maintain  a 

practical timestep).  The vertical grid has 30 levels and 
uses a terrain-influenced η coordinate [13] based on at-
mospheric pressure.

Zalucha and Michaels [14] developed a 3D Pluto 
version of the MIT Pluto GCM.  The model top was ex-
tended to ~600 km (or several scale heights) and the at-
mosphere was assumed to be N2 with trace amounts of 
CH4.   Planetary  constants  were  adjusted  accordingly. 
The external heating and cooling scheme was modified 
for CH4, using the radiative-conductive scheme of [15]. 
The scheme has the value of capturing the stratospheric 
temperature  inversion,  while  remaining  computation-
ally  practical.   Subsequent  upgrades  include  an  N2 

volatile cycle.  We have also adapted  the radiative-con-
ductive scheme of [16], which is fully tested at this time 
but will be included at the time of presentation.  The 
model of [16] includes, among other upgrades, the in-
clusion  of  CO,  and  additional  bands  of  CH4 

heating/cooling.
Simulation Configuration and Results:  We have 

performed a parameter sweep that represents conditions 
that potentially exist on Pluto.  At this time, the predic-
tions should be considered preliminary. For each group 
of simulations, a simulation was initialized with a glob-
al mean surface pressure of 8, 16, and 24  μbar.  Then 
there were two other initial conditions: (1) the surface 
had no ice on it and (2) the surface had an infinite reser-
voir of ice.  We assumed the albedo of  N2 ice-covered 
surfaces was 0.72, and surfaces without  N2 ice had an 
albedo of 0.46 (following [17]).  Thus, in total 6 simu-
lations were performed.  Furthermore, in all cases we 
initialized the Pluto GCM to a steady state (no wind), 
uniform  surface  pressure,  and  radiative-conductive 
equilibrium temperature.  All simulations were started 
on 14 July, 2000, to allow enough spin-up time for the 
14 July 2015 New Horizons encounter.  The methane 
mixing ratio was constant with height and fixed at 1% 
(following  [14])  and  the  surface  radius  was  fixed  at 
1180 km (following [9]

Figure 1 shows the preliminary predicted temperat-
ures from the REX radio occultation experiment at in-
gress, while Fig. 2 shows the same but for egress.  The 
Pluto latitudes and longitudes (assuming Pluto's  north 
pole  is  in  the  same  hemisphere  as  the  ecliptic  north 
pole) for ingress are 15.480o and 164.559o, respectively; 
for egress they were -14.268o and -16.584o, respectively 
[18].



Figures 1 and 2 show that there is a small difference 
between starting with a ice-free vs. ice-covered surface 
(<5 K), but a much larger difference (as much as 13 K) 
between the profiles with different initial global mean 
surface pressures.  Although it is difficult to see here, 
there is little difference between the ingress and egress 
curves.  This behavior is consistent with the prediction 
of the GCM by [14] that Pluto's  atmosphere has very 
little horizontal variation.
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Figure 1: Preliminary temperature profiles predicted 
to be observed by REX during ingress.  The solid lines 
are for no initial frost on the ground; the dashed lines 
are for an infinite reservoir of surface  N2 ice.  The red 
color is for the cases with initial global mean surface 
pressures  of 24  μbar,  the green for 16  μbar,  and the 
blue for 8  μbar.

Figure 2: Same as Fig. 1 but for egress.
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Abstract:  
 
After the reclassification of Pluto as a dwarf planet 

in 2006, the International Astronomical Union rede-
fined the north pole of Pluto to be aligned with its angu-
lar momentum vector[1]. I will present the results of a 
survey of more than 800 articles on Pluto written since 
the discovery of Charon in the late 1970s.  While there 
are eleven possible conventions to describe longitude 
and latitude, only eight are commonly used in peer-
reviewed literature.  Though the angular momentum 
convention was far and away the most popular before 
the IAU Working Group on Cartographic Coordinates 
and Rotational Elements adopted it in 2009, to date, no 
published papers acknowledge this small silver lining 
from Pluto's demotion.  Unfortunately, errors and am-
biguities in the literature are fairly common, especially 
among papers that compare new results directly to pre-
vious measurements. Roughly 5% to 10% of all papers 
that mention longitude or latitude on Pluto contain 
some sort of error or ambiguity.  As all past and future 
Pluto research will be compared to the results from the 
upcoming New Horizons Pluto encounter, avoiding 
comparative errors is of the upmost importance.  I will 
discuss common pitfalls to look out for and recommend 
best practices for avoiding future confusion. 
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