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ABSTRACT

Pluto is the multiple system that has been observed the longest. Yet, the masses of its smallest satellites, Nix and Hydra, which were
discovered in 2005, are still imprecisely known, because of the short time span and number of available observations. We present a
numerical model that takes into account the second order gravity fields and Pluto’s orbital motion in the solar system. We investigated
the dynamical parameters that may be reliably determined today. We also assessed the possible improvements on the parameter
uncertainties with the future increase of observations, including the New Horizons mission. Fitting our model to simulated data, we
show that the precision of observations prevents the quantification of the polar oblateness J, and equatorial bulge ¢y, of Pluto and
Charon. Similarly, we show that the masses are on the detection limit. In particular, unless 25 observations are made every year, the
mass of Nix may be constrained with confidence only with New Horizons data. Hydra’s mass will only be constrained by the probe.

The recent discovery of P4 might change this situation, but our knowledge of this object is still too vague to draw any conclusion.

Key words. methods: numerical — Kuiper belt: general — planets and satellites: fundamental parameters — celestial mechanics —

planets and satellites: individual: Pluto

1. Introduction

Pluto’s system is now the multiple system that has been ob-
served the longest. It consists of four bodies: Pluto, its most
massive satellite Charon, which was discovered in 1978 (Christy
& Harrington 1978), and the smaller satellites Nix and Hydra,
discovered in 2005 (Weaver et al. 2005, 2006). Charon’s mass
is about one tenth of Pluto’s mass, making it one of the most
massive satellites with respect to its primary in the solar system.
Indeed, they should be considered as a binary object because the
center of mass of the system is not inside Pluto. The most pop-
ular formation scenario for the pair is a collision between two
massive Kuiper Belt objects, which created Pluto and Charon
(Canup 2005). The formation of the other satellites is also dis-
cussed, with a possible in-situ formation (accretion from the re-
mains of Charon’s formation) or a capture scenario. Their color
is the same as that of Charon (Stern et al. 2007). The farthest
satellite, Hydra, orbits at only 3% of Hill’s radius around Pluto,
making it one of the most compact systems (Stern et al. 2006).
These facts favor the accretion scenario, but a more definitive
clue would be given by the estimation of their densities.

While the sizes and masses of Pluto and Charon are known
through stellar occultations and satellite period estimates, re-
spectively, that is not the case for Nix and Hydra. The best
estimate of the system’s masses has been made by Tholen
et al. (2008) with masses (GM) for Nix and Hydra 0.039 +
0.034 km3s72 and 0.021 + 0.042 km?>s72, respectively, while
no successful stellar occultation of them has been made. No

* Tables 4 and 5 are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

estimate of Pluto and Charon’s harmonic gravity fields is avail-
able. Constraining these parameters will greatly help in charac-
terizing Pluto’s and Charon’s interiors.

The system has yet to be explored by in situ spacecraft.
This situation will change in 2015 with the arrival of the New
Horizons mission (Stern & Spencer 2003). This mission will
provide observations of Pluto and its companions, astrometry,
surface imaging, and spectroscopy of the bodies’ surface. The
probe will not orbit around Pluto’s system, it will only cross the
system before escaping the solar system. The high resolution of
the probe’s observations is expected to improve the precision
in our current estimates of the masses of the system’s bodies
(Weaver et al. 2007).

The purpose of this paper is to determine how much about
the dynamical parameters of the system we can know today. We
also investigate how this knowledge will evolve, before and after
New Horizons’ flyby with an observation rate similar to previous
years (about ten observations per year) and a similar astromet-
ric precision. To do so we have developed a numerical model of
Pluto’s system (Sect. 2). We estimated which dynamical param-
eters are likely to be determined from observations today and
considered the existence of opportune observation moments for
mass determination (Sect. 3). Finally, we studied how the pre-
cision on these parameters may evolve with increasing observa-
tions (Sect. 4).

2. Dynamical model

We describe Pluto’s system as an A +4-body problem. The num-
ber N refers to the bodies introduced in the model that do not be-
long to Pluto’s system: the Sun and the eight planets, for which
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the Moon’s mass is added to that of the Earth. The number 4 is
for Pluto, Charon, Nix and Hydra.

We calculated the equations of motion of Pluto, Charon, Nix,
and Hydra in an inertial reference frame centered on the barycen-
ter of the solar system, not a plutocentric one to avoid the addi-
tional inertial forces. Only Pluto and Charon are described as
oblate. We also took into account the fact that Pluto and Charon
are in a double spin-orbit resonance, which means that they have
the same rotation period, equal to Charon’s revolution period.

We use the following notation:

integrated body

the Sun or a planet

body of Pluto’s system

; mass of the body j

m; mass of the body /

r; position vector of the body j with respect to solar system
barycenter

r;j distance between bodies i and j

R; equatorial radius of body /

JO polar oblateness of body /

equatorial ellipticity of body /

U;; function of the i body’s oblateness on the / body’s center
of mass

U;; function of the / body’s oblateness on the i body’s center

of mass,

and we obtain the following equation of motion for the inte-
grated body i:

N
. GM(r; —r))
= - J I
A G ) D
my\r; —r
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. r;
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where the function of the oblateness is written, depending on the
coordinates (r;, ¢;, A;) providing the position of 7 in the spherical
equatorial coordinates system linked to /:
2
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The expressions of V;Uy; and V;U;;. have been developed in
Lainey et al. (2004) in a planetocentric reference frame. We
used the same expressions for a plutocentric reference frame
and computed them in the International Celestial Reference
Frame (ICRF) through a transformation matrix using the spheri-
cal coordinates of Pluto’s rotation pole from the IAU convention
(Seidelmann et al. 2007). The prime meridian of Pluto is con-
sidered to be in the direction of Charon because of the double
spin-orbit resonance, and conversely. Indeed, the optical libra-
tion caused by Charon’s eccentricity has an amplitude of 2ec
(Murray & Dermott 2000), where ec is Charon’s eccentricity.
This means 6 x 1073 rad difference in the orientation of Charon,
causing an effect far weaker on the longitude. Accordingly, this
effect can be neglected at our level of accuracy.

The masses of Pluto’s system and the initial state vectors
for each moon were taken from Tholen et al. (2008). Using the
DE406 JPL ephemeris (Standish 1998), we obtained Pluto’s ini-
tial positions and velocities, as well as the masses and position
of the Sun and the planets.

The values of the oblate gravity field coefficients J,
and c¢» come from a theoretical approach. Following
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Turcotte & Schubert (2002), assuming a constant density body
and given the notation w; the angular velocity of the / body, we
have

3)

Pluto and Charon are in a double spin-orbit resonance. Hence,
Pluto’s rotation period is estimated from Charon’s revolution to

be about six days. This leads, for Pluto and Charon, to Jél) =

9.01 x 107* and J;Z) = 1.14 x 1073. The tesseral coeficient ¢y,
value gives an idea of Pluto’s and Charon’s deformation due to
their mutual interaction in double spin-orbit resonance. In the
hydrostatic case, the value of ¢, is (Zharkov et al. 1985)

3
&= 0. )
Hence the values of ¢y, we considered for Pluto and Charon are
6(212) =2.70x 10* and c(zzz) =3.42 x 107*, respectively.

We integrated numerically our model with the 15th order
Gauss-Radau integrator developed by Everhart (1985), which we
chose for its accuracy and speed.

We fitted the initial conditions and parameters with a lin-
ear least-square procedure without any constraints. To obtain the
values of the partial derivatives needed for it, we used the fol-
lowing relation (Lainey et al. 2004):

0 dzr,‘ 1
) |2

J
where ¢; is a parameter we need to adjust. The values of the
dr;/dc; coefficients were then computed through numerically in-
tegrating the previous equation simultaneously with the equa-
tions of motion. For more details on the variational equations
used, we refer to Lainey et al. (2004).
While we are fitting initial Cartesian coordinates in Sect. 3,
initial elliptical elements are fitted in Sect. 4 for better conver-
gence (Taylor 1998).

OF;
66‘1
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3. Parameter determinations

We are challenged by the great distance of Pluto’s system to the
Sun. This leads to a large uncertainty in the observations once
they are transformed into kilometers. Since an unmodeled phys-
ical effect can partly vanish when fitting a dynamical model to
the observations, we have to quantify the part of its influence
after the fitting.

Therefore, we used the following procedure. We computed
simulated positions using Eq. (1) and the inital conditions and
parameters described above. These simulated data are obtained
by taking into account the effect we aim to test, a mass, an initial
position or a polar oblateness coefficient. We then fitted a version
of our model that does not include the parameter we aim to test.
The obtained residuals may then be compared to the precision of
the observations (Lainey & Tobie 2005).

3.1. Oblate gravity fields

The main effect of the influence of Pluto’s polar oblateness will
be the precession of the satellite orbits. The effect will be easier
to detect in two cases. First, for satellites close to the planet,
because their precession will be faster. Second, for a satellite
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Fig. 1. Post-fit residuals of a model without Pluto’s and Charon’s J,
and ¢y, fitted to simulated observations with a non-zero value of these
coeflicients. Only the initial positions and velocities were fitted.

that has been observed for a long time, because the difference in
longitude will grow with time.

To test the influence of the oblate gravity fields, we simu-
lated data on a time span of about 30 years, the time span since
Charon’s discovery. A sampling of ten days for the four bodies’
Cartesian positions was considered. We used the values of J, and
¢y given in the previous section. We then fitted only the values
of the cartesian initial positions and velocities to the data. We
did not fit the value of the masses because of the possible corre-
lations between them and the oblate gravity fields. As a result,
this situation is the most favorable one for detecting the influence
of these coefficients. The post-fit residuals are shown in Fig. 1.

The residuals for Pluto are at most about 7 km, 4 km for
Charon, 3 km for Nix, and 4 km for Hydra. Evidently, the resid-
uals are all linearly increasing with time, except for Hydra.
Because the system lies about 30 AU away, it means a differ-
ence of about 0.2 mas and 0.3 mas for the satellites and Pluto,
respectively. Pluto’s system is really compact, consequently both
Nix and Hydra are in the light of Pluto and Charon on the obser-
vations. In the observations from 2002-2003 of Nix and Hydra,
the precision on the astrometry of Charon were about 3 mas.
The oldest observations of Charon where it can be separated
from Pluto are speckle interferometry observations from 1985
and 1983, whose precision were estimated to be 80 mas. Most
recent observations of Charon probably have an accuracy better
than 3 mas, but the precision of the older observations prevents
us from detecting this 0.3 mas effect after 30 years of observa-
tions. Therefore we conclude that the effect of the oblate gravity
fields cannot be detected today thanks to the observations.

Our hypothesis on the constant density of Pluto and Charon
is most probably not true, but the value of the J, coefficient will
not be drastically modified. As a result, we would still be con-
fronted with the very same problem as before, where the un-
certainty of the observations will prevent us from detecting the
effect of the most massive bodies’ oblateness.

Concerning the insight the New Horizons mission will pro-
vide on this topic, the minimum precision required for detect-
ing the effect of J, and ¢y, on the satellites will only be at-
tained seven days before the closest approach between the probe
and Pluto’s system. This will provide only a few points in a
short timespan compared to the observations already available.
Moreover, the center of mass will not be determined with a

100 T
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Fig. 2. Post-fit residuals of a model with a massless Hydra fitted to sim-
ulated observations with GM, = 0.021 + 0.042 km® s~2. Only the initial
positions and velocities were fitted.

one-pixel precision because of the size of the satellites on the
image at the time of the closest approach. Because the residu-
als show a linear increase with time, we can deduce that a good
precision of the observations in this short timespan will proba-
bly not be enough to provide the value of Pluto’s and Charon’s
oblate gravity fields.

3.2. Masses

The current uncertainties in the masses of Pluto and Charon are
a small percentage compared to their masses, but that is not the
case for Nix and Hydra. When comparing the perturbations of
the satellites on each other, the main perturbation on Nix will
be caused by Hydra and vice versa. Consequently, the mutual
interactions between the smallest satellites will be the best way
to determine their masses.

As already mentioned, Tholen et al. (2008) have given val-
ues for the masses of the system’s bodies. Unfortunately, the 1-o
error bar for Nix and Hydra are nearly the same as the estimated
value, giving GM values of Gms = 0.039 + 0.034 km? s and
Gmy = 0.021 + 0.042 km? 572, respectively. Because of the low
value of the masses and these large error bars, we tried to de-
termine whether we could obtain reliable mass estimates in the
coming years. To do so, we used the same method as used be-
fore for the oblate gravity fields. We simulated observations with
the masses given by Tholen et al. (2008), and fitted our model
with a massless Hydra to derive whether fitting the initial posi-
tions and velocities only would absorb the difference. Because
the two small moons have been discovered in 2005 and precov-
ery observations have been obtained in 2002, we simulated data
over eight years only, with a ten day sampling period. The result
is given in Fig. 2.

The low post-fit residuals on Pluto’s and Charon’s positions
are explained by the small influence of Hydra on their orbits.
The post-fit residuals of Nix’s position are higher, about 40 km
(i.e. 2 mas). The precision of the astrometric positions on the
prediscovery observations from Buie et al. (2006) for Nix and
Hydra are 15 and 9 mas, respectively. In Tholen et al. (2008),
the uncertainties are slightly greater.

In principle, a 2 mas signal in the 9 mas noise of Nix’s
observations should be detectable. Of course, in this case, the
number of observations will become a major concern. With too
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years

Fig. 3. Post-fit residuals of a model with a massless Nix fitted to simu-
lated observations with GM; = 0.039 + 0.034 km® s~2. Only the initial
positions and velocities were fitted.

few observations, it will be impossible to detect the effect of the
masses with confidence, because both the noise and the too few
positions will prevent us from detecting a clear tendency in the
signal (see Sect. 4 for an analysis on the precision of the masses
depending on the number of observations). The currently unpub-
lished observations from HST have been made with the WFPC2
of the HST, which means with a pixel size of 46 mas. The as-
trometry from the HST images comes from the motion of Pluto
on the CCD plane, one star at most being visible on the image.
In this case, the uncertainty on Pluto’s motion causes an uncer-
tainty on the relative position of its satellites. Accordingly, we
do not expect the uncertainty on the astrometric positions of the
satellites to be reduced by much from their current value, even
with observations made especially to detect the faint satellites.

To test the influence of Nix’s mass (whose estimate in Tholen
et al. 2008, is higher than Hydra’s), we used the very same
method. The result is shown in Fig. 3. The residuals are higher
than before, and because the current mass tested is twice the pre-
vious one, the post-fit residuals are also about twice as high.

The masses of the satellites obviously have an influence on
the residuals, but they are not adequately constrained from cur-
rent estimates. Because of this, the masses can be greater than
their current estimates. To quantify how the residuals increase
with the satellites masses, we used the same method as before,
and fitted a model for which Nix’s mass is 2-0- greater than its
estimated value, hence a mass about three times bigger than pre-
viously. The result is shown in Fig. 4. The residuals are three
times higher than before. The uncertainty on the masses implies
that Nix could be three times more massive, and Hydra five times
more massive if we consider the 2-0 uncertainty. This would im-
ply at most residuals of 10 and 12 mas, respectively.

If the real masses of the satellites are larger than previously
estimated, the problem of the number of observations and noise
will be less important than for the masses from Tholen et al.
(2008). But on the other hand, if the masses are smaller, the
observation noise will become more difficult to overcome. The
problem is that the currently estimated masses induce residu-
als on the very limit of the current best precision of observa-
tions, and they are not as numerous and regular as in the previ-
ous simulations. Yet, residuals will grow as a longer time span
of the observations is available, hence easier possible detection.
Disregarding these problems of parameter correlations and the
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Fig. 4. Post-fit residuals of a model with a massless Nix fitted to simu-
lated observations with GM3 = 0.107 km3s~2. Only the initial positions
and velocities were fitted.

number of observations, the masses as currently estimated are
within the range of detection and do not appear to be numerical
artifacts.

3.3. Sense and sensitivity

Because mass determination can be a tricky problem that de-
pends on the amount of observations, we have tried to determine
the best opportunities for new observations. To do so, we used
the same approach as Emelyanov (2005) and calculated the value
of the sensitivity function

2 2 2

=) + () + (5] ©

6H1j (‘)m‘]' (‘)m‘]'
where ¢ is the date of observation, X;, Y; and Z; the Cartesian co-
ordinates of the perturbed body, and m; the mass of the perturb-
ing satellite. This quantity stands for the influence of the mass
of a satellite on another body’s position. Accordingly, the higher
its value, the stonger the influence, the easier it is to detect. We
calculated this value about every five hours to be sure not to miss
an interesting opportunity. Figure 5 shows the sensitivity func-
tion of Charon’s and Hydra’s position with respect to Nix’s mass,
while Fig. 6 shows the sensitivity function of Charon’s and Nix’s
position with respect to Hydra’s mass.

We can only see the growth of the curves and oscillation am-
plitudes around a mean value. The amplitude of the oscillations
is coherent with those obtained from the tests on our model ca-
pability to detect the masses of the small satellites. Though their
values are not the same, we still have higher oscillations from
the influence of Nix, whose mass is bigger than Hydra’s, than
from those of Hydra.

The sensitivity function does not take into account the pos-
sible correlations between the parameters. As a result, we can-
not quantify the effect that these correlations would have on the
satellites’ motion from the signal, and consequently, we cannot
quantify the effect of the masses on the satellites’ motion. But
we also looked at the maximum of the oscillations and found
a clear regularity, most probably related to a combination of
proper frequencies of the satellites’ orbits. The regularity of the
oscillations suggests that specific observation moments may be
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Fig. 5. Sensitivity function of Charon’s and Hydra’s position with re-
spect to Nix’s mass.
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Fig. 6. Sensitivity function of Charon’s and Nix’s position with respect
to Hydra’s mass.

determined to enhance the detection of the masses, once our
model will be fitted to the observations.

4. Evolution of the uncertainty on mass
determinations

As mentioned in the previous section, the currently estimated
masses of the smallest satellites can be clearly determined
once enough observations is available. Yet this does not tell us
whether we could obtain it when considering the currently avail-
able sets of observations, and how the precision of this determi-
nation will evolve in the future.

Here, our method is to simulate data at the dates of the ob-
servations, fit our model to it, and then extract the statistical 1-0
precision given by the least-squares procedure. The difference to
the previous methods is that we now fit all the parameters (initial
conditions and masses), and that problems from correlations and
observation uncertainties will arise. We no longer fit our model
to absolute Cartesian coordinates, but to spherical ones relative
to Pluto (Aa, Ad). The advantage of working with simulated data
is that we do not have to face convergence problems because of
observation accuracy. The precision that will be given is the for-
mal 1-o from the least-squares fit.

The dates we used for the simulated data of Nix and Hydra
are the same as those of the prediscovery observations (Buie
et al. 2006), which give also Charon’s positions, those of the
discovery (Weaver et al. 2005) and those of Hydra and Charon
from Sicardy et al. (2006). We added simulations corresponding
to Charon’s observations from Tholen & Buie (1997). We also
assumed that observations of the system will be carried out ev-
ery year from the ground or HST, near Pluto’s opposition. For
these hypothetical observations, we assumed that about ten of
them will be made every year, the current rythm being about ten
observations every two years, and that their precision would be
those given in Buie et al. (2006), that is, 3 mas for Charon, 9 mas
for Hydra, and 15 mas for Nix.

Our reason for not decreasing these error bars is that in the
most recent fit to observations made (Tholen et al. 2008), the
uncertainties have been raised and the pixel size of the unpub-
lished observations is greater than those of the published ones,
as said in Sect. 3.2. Moreover, no drastic evolution of the pre-
cision of observations may be expected before the arrival of
New Horizons, the next generation of ground telescope are still
projects, and the next generation of space telescope will not be
launched before 2015.

We did not simulate the observations from cycle 15 and
17 of the HST, because they were still unpublished when we
were writing this paper, and because one set of additional data
is not expected to change the conclusions on the uncertainty of
the masses drastically. Therefore we simulated ten observations
in 2010 while twelve have been made in reality (Tholen et al.
2010), and we did not simulate data in 2007.

The dates for these simulations are given in Table 1. We
also simulated data that will reproduce the schedule of New
Horizons’ observations, coming from Young et al. (2008) and
Young et al. (2010). The schedule and uncertainties used are
given in Table 4. To know whether extending the New Horizons
mission in Pluto’s system would significantly improve its results,
we added a set of simulated observations after the probe’s flyby
of the system, following a symmetric pattern to last phase of the
mission. During this phase, only Nix and Hydra are observed.
The schedule of the simulated data as well as the uncertainties
attached to each date are given in Table 5. To reproduce the fact
that at the time of the closest approach, the satellite’s center of
mass will probably not be determined with a one-pixel precision,
we increased the uncertainty. Considering the observations of
Deimos by the probe Mars Express (Oberst et al. 2006), the un-
certainty on the center of figure is about one sixth of the Deimos
radii and 500 m for Phobos. In the case of New Horizons, the
satellites will probably be darker, so there will be a longer expo-
sure and there will possibly be stars beside them. Consequently,
we expect the astrometric determination to be easier. To repro-
duce the difficulty of localizing the objects’ center of light, we
set the precision on the satellites observations to be at best one
eighth of the satellites’ diameter.

The simulated positions of the satellites are given with re-
spect to Pluto. We have five sets of simulated data:

— 1992-2006: reproduces the existing observations described
above;

— 1992-2014: reproduces the existing observations described
above and the future ground-based observations made before
the New Horizons’ flyby in Pluto’s system;

— 1992-2006+NH: reproduces the existing observations de-
scribed above and the observations made by New Horizons;
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Table 1. Dates used for the simulation of observations between 2010
and 2014.

Dates

2010-05-31 2011-06-13  2012-06-30 2013-07-14
2010-06-04 2011-06-23  2012-07-07 2013-07-18
2010-06-10  2011-06-28 2012-07-16  2013-07-25
2010-06-15 2011-06-30  2012-07-21  2014-06-03
2010-06-18  2011-07-05 2012-07-24  2014-06-08
2010-06-25 2011-07-13  2012-07-28  2014-06-14
2010-07-01  2011-07-18  2013-06-10 2014-06-19
2010-07-06  2011-07-23  2013-06-15 2014-06-24
2010-07-11  2011-07-28 2013-06-21  2014-06-30
2010-07-17  2012-06-07  2013-06-26  2014-07-07
2010-07-21  2012-06-12  2013-06-30  2014-07-11
2010-07-27  2012-06-19  2013-07-06  2014-07-14
2011-06-08  2012-06-25 2013-07-11  2014-07-28

Notes. All simulations were computed for UT 00:00.

Table 2. 1-o0 error bars on the masses given by least-squares method us-

ing different sets of simulated observations, using n; = 870.3 km?3 s72,

my = 101.4 km? s72, my = 0.039 km? s~2 and m, = 0.021 km? s~2.

Set of simulated 1-0 error bars on the masses (km? s~2)

observations

number of simulated observations

Pluto Charon Nix Hydra

1992-2006 1.28 0.51 0.024 0.036
72 16 17

1992-2014 0.82 0.28 0.010 0.019
125 68 69

1992-2006+NH 0.27 0.072 0.012 0.0028
129 106 124

1992-2014+NH 0.25 0.045 0.0076 0.0026
181 158 176

1992-2014+extended NH 0.19 0.039 0.0070 0.0024
181 186 233

Notes. No new observations of Charon is simulated for the extended
phase of New Horizons.

— 1992-2014+4+NH: reproduces the existing observations de-
scribed above, the future ground-based observations, and the
observations made by New Horizons;

— 1992-2014+extended NH: reproduces the existing observa-
tions described above, the future ground-based observations,
and the observations made by New Horizons assuming the
observations of Pluto’s system are extended.

The results for all these simulations and the number of simulated
data used for each body are given in Table 2.

The error bars of the masses found for the 1992-2006 period
are consistent with those from Tholen et al. (2008), and the error
bars have the same order of magnitude as the mass estimates for
Nix and Hydra.

Between the set for the 1992-2006 period and that for 1992—
2014, we can see that the uncertainty on the masses of Pluto and
Charon decrease less noticeably than those of Nix and Hydra.
Yet, the relative uncertainties on these latter ones remain very
high.

While considering the different sets, we can see that the most
significant improvement in the determination of the masses will
be given by New Horizons data. The main advantage of observ-
ing the system before the probe’s flyby is to precisely determine
the orbit of the satellites and help constrain the mass of Nix,
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but only New Horizons will enable us to obtain statistical er-
ror bars whose order of magnitude is lower than the current es-
timated masses. That Nix’s mass will become less constrained
than that of Hydra, while the situation is different now, can be
explained because New Horizons will obtain more extensive ob-
servations of this satellite. One aspect that can be discussed is the
uncertainty we attached to New Horizons simulations. We used
Phobos and Deimos as an example for the determination of the
satellites’ center. These satellites are far from spherical, hence
the difficulties in determining the center. Nix and Hydra are pos-
sibly more spherical because of their expected greater size, and
therefore the precision on their center might be better than in our
simulations. This can also lower the uncertainty on the masses,
but not significantly. Because of the difference between the pixel
size and the precision of the determination of the center of mass,
the extension of the mission presented here would not be useful
to constrain the masses much more, and so would not be a good
option for enhancing the detection of masses.

Now we can consider the question of the value of the
masses. The statistical uncertainty from the least-squares method
only depends on the uncertainty of the observations, the partial
derivatives, and the correlations between the parameters. When
considering the uncertainty attached to one mass, the factors de-
scribed before do not explicitly depend on this mass. Therefore,
if one satellite’s mass is higher than its estimate, its error will
not change much from the case where the estimate is the lower
mass. That is, the relative error will decrease, but not the abso-
lute one. Accordingly, if we consider that both satellites are 2-o
more massive than their current estimation, and using the o~ from
Table 2, we obtain m3 = 0.087 km? s72 and m4 = 0.093 km? s 2.
It means that the masses would be known to 11 and 20%, re-
spectively, in 2014. While New Horizons would not improve this
relative uncertainty much for Nix, that is not the case for Hydra,
whose mass would be known with a 3% uncertainty.

We assume that the mass will be determined with sufficient
confidence if the 2-0- uncertainty is less than half the mass of
the satellite. In 2014, we can see that the uncertainty on Nix’s
mass will be 0.010 km?s~2. If we compare this with the esti-
mated mass in Tholen et al. (2008), we can see that the con-
dition given above will be fulfilled. This means that if the real
mass of Nix is about the same or greater than its current estima-
tion, we will know it with confidence before the New Horizons
mission. If Nix is less massive, we can determine which value of
the mass New Horizons will enable us to detect with confidence.
Because the uncertainty on Nix’s mass from the New Horizons
data is expected to be 0.0076 km? s72, the minimum correspond-
ing mass is 0.030 km?s2. When using the same method for
Hydra, we find that the mass of Hydra would have to be greater
than 0.075 km? s72 to be known before 2014, and that its lowest
value detectable from the New Horizons data is 0.010 km? s72.

We then investigated how many ground-based observations
would be needed to obtain a comparable precision as the one
we obtained before with New Horizons. To do so, we simulated
observations at random dates during 50 days each year around
Pluto’s opposition, beginning in 2011. We used two different
densities of simulations. In the first set, with the highest density,
we simulated 100 observations each year (set 1999-2014 HD),
and about 25 for the second one (set 1999-2014 LLD). The uncer-
tainties obtained for these simulated dates are given in Table 3.

Clearly, our most dense set gives a lower uncertainty for
Nix’s mass than what would be achieved with New Horizons
in our previous simulation. Yet, that is not the case for the mass
of the other objects of the system. This is because New Horizons
will observe the system very regularly during several months, a
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Table 3. 1-o0 error bars on the masses given by the least-squares method
using two sets of simulated observations with different densities, using
m, = 8703 km>s72, m, = 101.4 km®s72, m3 = 0.039 km?s~2, and
my = 0.021 km? s~2.

Set of simulated 1-0 error bars on the masses (km?> s72)

observations

Pluto Charon  Nix Hydra
1992-2014, about 0.76 020 0.0076 0.015
25 observations/year
1992-2014, about 039 0.10 0.0041 0.010

100 observations/year

situation harder to achieve for HST and ground-based observa-
tions. Nix’s mass can be constrained with only 25 observations
per year. We would then obtain only from ground-based/HST
observations a precision similar to what we expect with the New
Horizons data and ten ground-based/HST observations per year.

5. Conclusion

We have developed a numerical model of a multiple system’s
motion around the Sun with the possibility to include the oblate
gravity fields. The first application of this model to Pluto’s sys-
tem has led us to conclude that the oblate gravity fields of Pluto
and Charon will not be substantially more constrained from as-
trometry in the coming years, even considering New Horizons’
data. Concerning the masses, we are limited today by the accu-
racy of the observations. A study on the error bars also shows
that substantial improvement in mass determinations of all bod-
ies except for possibly Nix must await New Horizons’ flyby of
Pluto’s system.

Astrometric observations from New Horizons should suc-
ceed in significantly constraining Nix’s and Hydra’s mass and
radii, if the masses are not too low compared with their current
estimates. If the masses are lower than their current estimates,
we can determine a highest possible value from New Horizons
error bars, that is 0.0076 km? s2 for Nix, and 0.0028 km? s~2 for
Hydra. This will provide the first estimates or highest values of
the two moon densities and, as a result, may shed light on the
question of their origin.

This should not be considered a reason not to observe the
system. The discovery of the new satellite P4 clearly indicates
that this system could still be a source of discoveries, and as
such, new observations are still necessary. Indeed, the recent
discovery of P4 could challenge some of these results depending
on the interactions between this satellite and the other bodies of
the system. P4 orbits around Pluto on an orbit between Nix and
Hydra. Its mass is expected to be far lower than those of Nix and
Hydra from its magnitude. If its trajectory is strongly disturbed
by mutual effects with the other two satellites, then we might
expect P4 to be the key to obtain the masses of Nix and Hydra
before the arrival of New Horizons if the rate of observations
is not increased. One must keep in mind, nonetheless, that this
is only one possible configuration of the system among others.

Indeed, we still have very few observations of the satellite
nor do we have data on its astrometric precision.

That the masses remain strongly unconstrained while the
motion of the satellites is known with a fairly good precision
means that the masses are not heavily constrained by said mo-
tions. Observing the system remains imperative for constraining
the orbit of the satellites, to prepare the New Horizons arrival
as well as potential stellar occultations by these bodies. Indeed,
their ephemeris is doomed to diverge if no new observations are
available.

One key point of our model is that it is able to simultaneously
fit the primary’s motion (in our application, Pluto) and those of
its satellites. The next step is now to adjust our model to real
observations.
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Table 4. New Horizons observation schedule, as currently planned, for ~ Table 4. continued.
the listed targets and anticipated measurement precision.

UT date and time Objects  km/pixel
UT date and time Objects km/pixel 2015-06-24  23:24  Hydra 116.16
2015-01-25 11:58  Pluto+Charon+Nix+Hydra  4049.6 2015-06-25  04:47  Hydra  114.83
2015-01-27  11:58  Pluto+Charon+Nix+Hydra  4001.95 2015-06-25  23:16  Hydra  110.28
2015-01-29  11:58  Pluto+Charon+Nix+Hydra ~ 3954.3 2015-06-26  05:03 Nix 108.97
2015-01-31  11:58  Pluto+Charon+Nix+Hydra  3906.65 2015-06-26  05:06 ~ Hydra  108.84
2015-02-02  11:58  Pluto+Charon+Nix+Hydra 3859 2015-06-26  23:13 Nix 104.49
2015-02-04  11:58  Pluto+Charon+Nix+Hydra  3811.35 2015-06-26  23:16 ~ Hydra  104.36
2015-02-06  11:58  Pluto+Charon+Nix+Hydra ~ 3763.7 2015-06-27 ~ 04:47  Hydra 103
2015-02-08  11:58  Pluto+Charon+Nix+Hydra  3716.05 2015-06-27  23:16 ~ Hydra  98.45
2015-02-10  11:58  Pluto+Charon+Nix+Hydra  3668.41 2015-06-28  04:55 Nix 97.16
2015-02-12  11:58  Pluto+Charon+Nix+Hydra  3620.76 2015-06-28  04:58  Hydra ~ 97.04
2015-02-14  11:58  Pluto+Charon+Nix+Hydra ~ 3573.11 2015-06-28  23:05  Nix 92.66
2015-02-16  11:58  Pluto+Charon+Nix+Hydra ~ 3525.46 2015-06-28  23:08 ~ Hydra ~ 92.56
2015-02-18  11:58  Pluto+Charon+Nix+Hydra  3477.81 2015-06-29  04:47  Hydra  91.17
2015-02-20  11:58  Pluto+Charon+Nix+Hydra ~ 3430.16 2015-06-29  23:16  Hydra 86.61
2015-02-22  11:58  Pluto+Charon+Nix+Hydra  3382.51 2015-06-30  04:47  Nix 85.3
2015-02-24  11:58  Pluto+Charon+Nix+Hydra  3334.87 2015-06-30  04:50  Hydra 85.24
2015-02-26  11:58  Pluto+Charon+Nix+Hydra  3287.22 2015-06-30  22:57 Nix 80.79
2015-02-28  11:58  Pluto+Charon+Nix+Hydra  3239.57 2015-06-30  23:00  Hydra 80.75
2015-03-02  11:58  Pluto+Charon+Nix+Hydra  3191.93 2015-07-01  04:47  Hydra 79.32
2015-03-04  11:58  Pluto+Charon+Nix+Hydra  3144.28 2015-07-01  23:16 ~ Hydra  74.76
2015-03-06  11:58  Pluto+Charon+Nix+Hydra ~ 3096.63 2015-07-02 04:39  Nix 73.41
2015-04-05  11:58  Pluto+Charon+Nix+Hydra ~ 2381.9 2015-07-02 04:42  Hydra 7342
2015-04-07  11:58  Pluto+Charon+Nix+Hydra  2334.26 2015-07-02  22:49 Nix 68.88
2015-04-09  11:58  Pluto+Charon+Nix+Hydra  2286.61 2015-07-02 22:52 Hydra  68.93
2015-04-11  11:58  Pluto+Charon+Nix+Hydra  2238.97 2015-07-03 ~ 04:47 ~ Hydra  67.46
2015-04-13  11:58  Pluto+Charon+Nix+Hydra  2191.33 2015-07-03  22:15  Nix 63.03
2015-04-15  11:58  Pluto+Charon+Nix+Hydra ~ 2143.69 2015-07-03 ~ 22:19  Hydra ~ 63.12
2015-04-17  11:58  Pluto+Charon+Nix+Hydra ~ 2096.05 2015-07-03  23:30  Hydra ~ 62.83
2015-04-19  11:58  Pluto+Charon+Nix+Hydra  2048.4 2015-07-05  03:04  Nix 55.83
2015-04-21 11:58  Pluto+Charon+Nix+Hydra  2000.76 2015-07-05  03:09  Hydra 55.98
2015-04-23  11:58  Pluto+Charon+Nix+Hydra ~ 1953.12 2015-07-05  04:37  Hydra  55.62
2015-04-25 11:58  Pluto+Charon+Nix+Hydra  1905.48 2015-07-05  22:32  Hydra 51.18
2015-04-27  11:58  Pluto+Charon+Nix+Hydra  1857.84 2015-07-06  08:36 Nix 48.45
2015-04-29  11:58  Pluto+Charon+Nix+Hydra  1810.19 2015-07-06  08:41  Hydra 48.66
2015-05-01  11:58  Pluto+Charon+Nix+Hydra  1762.55 2015-07-07  04:18 Nix 43.53
2015-05-03  11:58  Pluto+Charon+Nix+Hydra  1714.91 2015-07-07  04:23  Hydra 43.77
2015-05-05  11:58  Pluto+Charon+Nix+Hydra  1667.27 2015-07-07  04:28 ~ Hydra  43.75
2015-05-07  11:58  Pluto+Charon+Nix+Hydra  1619.62 2015-07-07  22:29 Nix 38.99
2015-05-09  11:58  Pluto+Charon+Nix+Hydra  1571.98 2015-07-07 ~ 22:32  Hydra 39.26
2015-05-11  11:58  Pluto+Charon+Nix+Hydra  1524.34 2015-07-07  22:53  Hydra 39.18
2015-05-13  11:58  Pluto+Charon+Nix+Hydra  1476.7 2015-07-09  04:11 Nix 31.57
2015-05-15 11:58  Pluto+Charon+Nix+Hydra  1429.06 2015-07-09  04:14  Hydra 31.88
2015-06-05  06:39  Pluto+Charon+Nix+Hydra ~ 233.52 2015-07-09  04:35  Hydra 3179
2015-06-06  00:49  Pluto+Charon+Nix+Hydra ~ 229.01 2015-07-09  22:21 Nix 27.04
2015-06-07  06:31  Pluto+Charon+Nix+Hydra ~ 221.65 2015-07-09  22:24  Hydra  27.36
2015-06-08  00:41  Pluto+Charon+Nix+Hydra  217.14 2015-07-09  22:45  Hydra 27.27
2015-06-09  06:23  Pluto+Charon+Nix+Hydra ~ 209.77 2015-07-11  04:03 Nix 19.64
2015-06-10  00:33  Pluto+Charon+Nix+Hydra  205.26 2015-07-11  04:06  Hydra 19.96
2015-06-11  06:15  Pluto+Charon+Nix+Hydra ~ 197.89 2015-07-11  04:27  Hydra 19.87
2015-06-12  00:25  Pluto+Charon+Nix+Hydra ~ 193.38 2015-07-11  22:13 Nix 15.12
2015-06-13  06:07  Pluto+Charon+Nix+Hydra  186.01 2015-07-11  22:16 ~ Hydra 15.43
2015-06-14  00:17  Pluto+Charon+Nix+Hydra  181.51 2015-07-13  04:13 Nix 7.68
2015-06-15  05:59  Pluto+Charon+Nix+Hydra  174.14 2015-07-13  04:16 ~ Hydra 1.95
2015-06-16  00:09  Pluto+Charon+Nix+Hydra  169.63 2015-07-13  14:26  Hydra 5.39
2015-06-17  05:51  Pluto+Charon+Nix+Hydra  162.26 2015-07-13  14:33 Nix 5.1
2015-06-18  00:01  Pluto+Charon+Nix+Hydra  157.75 2015-07-13  23:14  Hydra 3.21
2015-06-19  05:49 Nix+Hydra 150.21 2015-07-13  23:17  Nix 2.94
2015-06-19  23:59 Nix+Hydra 145.71 2015-07-14  04:38  Nix 1.61
2015-06-21  05:41 Nix+Hydra 138.37 2015-07-14  04:56  Hydra 1.8
2015-06-21  23:51 Nix+Hydra 133.89 2015-07-14  07:41  Hydra 1.14
2015-06-23  05:33 Nix+Hydra 126.58 2015-07-14  08:05  Nix 0.77
2015-06-23  23:16 Hydra 122.11
2015-06-23  23:25 Nix 122.18
2015-06-23  23:28 Hydra 122.06
2015-06-24 2321 Nix 116.29
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Table 5. Dates, precision and targets used for the simulation of New

Horizons extension.
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Date and UTC time  Objects  km/pixel
2015-07-14  10:00 Nix 0.29
2015-07-14  14:46  Hydra 0.8
2015-07-14  14:52 Nix 0.92
2015-07-14  23:05 Nix 2.95
2015-07-15 02:41  Hydra 3.69
2015-07-15  02:45 Nix 3.85
2015-07-16  00:28 Nix 9.22
2015-07-16  00:38  Hydra 9.16
2015-07-16  03:55  Hydra 9.98
2015-07-16  05:50 Nix 10.58
2015-07-16  06:14 Nix 10.68
2015-07-16  08:59  Hydra 11.38
2015-07-16  09:17  Hydra 11.45
2015-07-16  14:37 Nix 12.81
2015-07-16  14:41  Hydra 12.83
2015-07-16  23:21  Hydra 15.03
2015-07-16  23:29 Nix 15.06
2015-07-17  09:39  Hydra 17.642
2015-07-17 09:42  Hydra 17.66
2015-07-18  15:39 Nix 25.26
2015-07-18  15:42 Nix 25.27
2015-07-19  09:28  Hydra 29.78
2015-07-19  09:49  Hydra 29.873
2015-07-19  09:52  Hydra 29.88
2015-07-20  15:10 Nix 37.32
2015-07-20  15:31  Hydra 37.41
2015-07-20  15:34  Hydra 37.42
2015-07-21  09:20  Hydra 41.93
2015-07-21  09:41 Nix 42.02
2015-07-21  09:44  Hydra 42.04
2015-07-22  15:02  Hydra 49.47
2015-07-22  15:23  Hydra 49.569
2015-07-22  15:26 Nix 49.58
2015-07-23  09:27  Hydra 54.15
2015-07-23  09:32  Hydra 54.17
2015-07-23  09:37  Hydra 54.19
2015-07-24  05:14 Nix 59.17
2015-07-24  05:19 Nix 59.19
2015-07-24  15:23  Hydra 61.75
2015-07-25 09:18  Hydra 66.30
2015-07-25  10:46 Nix 66.67
2015-07-25  10:51 Nix 66.69
2015-07-26  14:25  Hydra 73.69
2015-07-26  15:36  Hydra 73.99
2015-07-26  15:40 Nix 74.016
2015-07-27  09:08 Nix 78.44
2015-07-27  15:03  Hydra 79.94
2015-07-27  15:06  Hydra 79.95
2015-07-28  09:13  Hydra 84.55
2015-07-28  09:16 Nix 84.57
2015-07-28  14:39 Nix 85.93
2015-07-29  09:08  Hydra 90.63
2015-07-29  14:55  Hydra 92.09
2015-07-29  14:58  Hydra 92.11
2015-07-30  09:05 Nix 96.71
2015-07-30  09:08  Hydra 96.72
2015-07-30  14:39  Hydra 98.12
2015-07-31  09:08  Hydra 102.81
2015-07-31  14:47 Nix 104.25
2015-07-31  14:50  Hydra 104.26
2015-08-01  08:57  Hydra 108.86

Table 5. continued.

Date and UTC time ~ Objects  km/pixel
2015-08-01  09:00  Hydra 108.87
2015-08-01  14:39 Nix 110.30
2015-08-02  09:08  Hydra 114.99
2015-08-02  14:39  Hydra 116.40
2015-08-02  14:42  Hydra 116.41
2015-08-03  08:49 Nix 121.01
2015-08-03  08:52  Hydra 121.02
2015-08-03  14:39  Hydra 122.49
2015-08-04  09:08 Nix 127.18
2015-08-04 14:31  Hydra 128.55
2015-08-04  14:34  Hydra 128.56
2015-08-05 14:27  Hydra 134.62
2015-08-05  14:30 Nix 134.64
2015-08-05 14:39  Hydra 134.68
2015-08-06  08:22  Hydra 139.17
2015-08-07  14:04 Nix 146.71
2015-08-08  08:14  Hydra 151.32
2015-08-09  13:56  Hydra 158.86
2015-08-10  08:05  Hydra 163.48
2015-08-11  13:54 Nix 171.04
2015-08-12  08:04 Nix 175.65
2015-08-13  13:46  Hydra 183.19
2015-08-14  07:56  Hydra 187.80
2015-08-15  13:38  Hydra 195.34
2015-08-16  07:48 Nix 199.96
2015-08-17  13:30  Hydra 207.50
2015-08-18  07:40  Hydra 212.11
2015-08-19  13:22  Hydra 219.65
2015-08-20  07:32 Nix 224.256
2015-08-21  13:14  Hydra 231.80
2015-08-22  07:24  Hydra 236.41
2015-08-23  13:06  Hydra 243.95
2015-08-24  07:16 Nix 248.56
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