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ABSTRACT

In 2014 the ESA probe Rosetta is to rendezvous with short-period comet 67P/Churyumov-Gerasimenko, where it will be inserted into
a stable bound orbit. Partly by measuring the Doppler displacements of the probe’s radio carrier waves, the gravity field of the comet’s
nucleus will be found. In this work, navigation strategies are developed, and important error sources for and feasibility of the comet

nucleus mass determination are presented.
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1. Introduction

The navigation of probes in deep space is mainly accomplished
by processing information delivered by the spacecraft’s radio
carrier waves, in the equivalents of probe distance (range) and
line-of-sight velocity (range-rate). The processing itself con-
sists of iteratively finding the system parameters, of an assumed
model for the spacecraft motion, which are consistent with the
observed data. Thus, one obtains not only the probe’s position
and velocity, but also scientifically interesting quantities like the
mass and details of the gravity field of celestial bodies perturbing
the spacecraft.

This is exactly one of the subgoals of space missions like
Rosetta: the gravity field inversion of comet 67P/Churyumov-
Gerasimenko by the Rosetta probe in a bound orbit around the
comet’s nucleus. In this work, the content of the range-rate data
from a cometary orbiter is discussed. The focus of this study is
on the determination of the nucleus mass, and the spacecraft’s
position and velocity relative to the comet.

2. The comet nucleus

Some plausible values for the nucleus mass m,. of target comet
67P/Churyumov-Gerasimenko are

0.1(low) — I1(nominal) — 2(high) x 10'* kg (1)

based on Rickman et al. (1987), Mysen (2004), Davidsson &
Gutiérrez (2005) and Kossacki & Szutowicz (2006). As a unit for
length, we have found it convenient to use what we here define
as the mean nucleus radius . = 2 km, which can be compared to
the effective radius (that of the equivalent sphere) of Lamy et al.
(2007): 1.72 km. For the product of the constant of gravitation
and nominal nucleus mass above, we then have . = 1.08 rg h2
(h = hour), used throughout this work.

3. Observable
3.1. Simplification

Range observations o are according to Weeks (1995) useful in
determining the comet ephemeris, but only marginally informa-
tive for the estimation of the cometocentric probe orbit. Not
taking in to account imaging, leaves us with the range-rate ob-
servations 9.

In reality, the range-rate, or Doppler observable, is a mea-
surement of the number of radio carrier wave cycles accumu-
lated by a receiver relative to a reference signal, divided by the
accumulation time At (Moyer 2003). If we set this observable
equal to the probe’s line-of-sight velocity, one then assumes that
the accumulation rate of cycles is constant during the planned
count time Ar ~ 1000 s of the Rosetta orbiter phase. In this
work, with its focus on the comet nucleus mass determination,
we are mainly interested in the range-rate variation with period
equal to the cometocentric orbit period of the spacecraft. The in-
tegration time At is therefore much shorter than the timescale on
which the the relevant range-rate component changes, and, as a
result, our assumption is fair.

With the integration time A¢ ~ 1000 s, the standard deviation
of the assumed Gaussian white noise instrumental observation
error is 60 ~ 0.01 mm s~! (Pitzold et al. 2007).

3.2. Formulation

Let the inertially fixed z-axis of our cometocentric reference
frame coincide with the direction of the mass center of the Earth
at the time of the first data point, r = #y = 0. Also, let the iner-
tially fixed x-axis be defined by the direction of the comet’s geo-
centric apparent (non-radial) motion at the start of the tracking
pass. By definition, this reference system does not rotate relative
to an inertial one. Finally, let the geocentric position of the comet
be given by R, the cometocentric position of the spacecraft by r,
and the geocentric position of the tracking station by Rg.
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Fig. 1. The figure shows the angular velocity (apparent motion) of the
target comet as seen from Earth during the comet rendezvous and or-
biter phase years of Rosetta, 2014-2015. A): comet approach phase,
G): gravity campaign, L): lander delivery to nucleus, E): comet escort
phase, P): perihelion passage.

Now, we are interested in the Doppler components that con-
tain information on the cometocentric orbit and nucleus mass,
i.e., the components of the range-rate that are dependent on r or
i-only:

o) =0-2 = Fug+R -~
0 R
. r A
(R -ug) (E.uR)+0(R®.§) 2)
where ug = R/R and all terms not dependent on r or i- have been
removed. This expression can be further simplified if the motion

of the comet mass center is written as

R

R(10) + R(to) t + %A(to) P

’;
L&
~Rou; + (vputz +vr ) 1+ ; Agu, 1 3)

where u,, are unit vectors along the reference system axes, and
Ro, vr, vg and A, are constants. After some calculation one ob-
tains for the range-rate

or i) =~ —2+we(x+X1), vr=weRo “)

if the probe is sufficiently close to the comet, [r| < 50r.
Approaches similar to Eq. (4) are given in Wood (1986) and
Russell & Thurman (1989). In what follows, the range-rate ob-
servable will simply be defined by Eq. (4), which will demon-
strate the essential challenges of the orbit and mass determina-
tion.

3.3. Degeneracies

Included as Fig. 1 is a plot of |wg| for the target comet during
the orbiter phase years 2014-2015. The values are produced by
JPL’s HORIZONS with

lwe| = \ds? OS2 5 + O (5)

where dg and ag are the declination and right ascension of the
comet relative to the Earth.

If one then assumes that x and z are roughly of the same or-
der of magnitude and use a mean wg = 20 arcsech™ for 2014,
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Fig.2. The cometocentric non-rotating reference system is shown at
the start of the tracking pass #p, when the z-axis points towards Earth.
Note that the comet’s geocentric velocity at #, by definition lies in the
xz-plane. The unit vectors along the reference axes are given by u,,.

the contribution to the range-rate observable Eq. (4) associated
with the x term equals that of 7 after a very long time ¢ ~ 10*h.
However, one can write z and z in terms of the probe’s cometo-
centric orbit elements

a(l —e?)

= msinlsin(w+f) (6)

. nasinl[ecosw + cos(w + f)] 7
= '
i e

Here a is the semi-major axis of the probe’s cometocentric orbit,
e the eccentricity, w the argument of pericenter and / the incli-
nation of the orbit with respect to the cometocentric reference
system (see Fig. 2).

For instance, I = 0 means that the orbit lies normal to the
geocentric line-of-sight at ¢ = #y. The true anomaly is given by
f and n = +Juc/a’. Now, basic expressions for the two-body
problem yield that f = f(e, nt + My) with M, as the value of the
mean anomaly at the start of the tracking pass. Consequently, it
can be seen from Eq. (7) that there is only information on the
parameters

n, p=asinl, e, w, M (8)

from a Keplerian variation of the z component. Equation (6)
shows that the inclusion of range observations does not alter this
fact. Note that in a Keplerian z, there is no information on the
orbit’s longitude of ascending node Q either, measured in the
observer’s initial plane-of-sky.

These well-known properties of the orbiter inversion prob-
lem (Wood 1986) means that for wg = 0 and two-body motion,
there is no information in the range and range-rate data on the
mass of the central body, or on the cometocentric position and
velocity of the spacecraft, except for what is directly measurable:
Z0. So, unless the Keplerian motion is strongly perturbed, the de-
termination of comet nucleus mass and probe orbit are actually
entirely dependent on the x and x terms of the observable Eq. (4).
For instance, if x carries information on /, then a is determined
from p which is easily available from z. Together with n, which
is also well determined from z, the nucleus mass is given.
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4. Estimation by Kalman filter
4.1. Numerical

One simple way to find values of unknown parameters affecting
the spacecraft’s motion from the range-rate observations, Eq. (4),
is to employ a first-order linearized Kalman filter (Gelb 1974). A
Kalman filter takes an observation, compares it with a value of
this observation computed from an initial guess of parameter val-
ues, and maps the difference in to parameter corrections. These
corrected parameters then serve as better guesses for the next
iteration. The precisions of and correlations between the param-
eters 6; to be evaluated are then given by the covariance matrix
S ij. For a range-rate ¢ observation with 69 as a one-sigma noise
level, the inverse of the matrix S is changed according to

1jj 90 00
ASA_AI: J s = =, 9
U (80)? 1060 06 ©
yielding the square of the parameter precisions S; = (56;)%, the

expected deviation of the filter estimate of the parameter from
the parameter’s true value. The correlation between parameters
0; and 6; is given by
VSiiS jj
and is a measure of the extent to which the filter can separate the
parameters relative to their current estimated precisions.
Equation (9) forms the basis for simulations of parameter
precisions. In these calculations we will obtain the partial deriva-
tives of the observation ¢ with respect to each parameter by solv-
ing a coupled set of differential equations along the a priori, or
initial guess, trajectory, also called variational equations. For in-

stance, the partial derivative of the range-rate Eq. (4) with re-
spect to the nucleus mass

.@__ﬁﬁwfﬁ+ﬁ4
e e |Oue e

_d(0=), o |9x d(ox
dr \ due @ | A dr\ou.) |’

which is necessary for Eq. (9), can be obtained from the three
coupled second-order differential equations

C]._2 (9)(,' _23:6)'6'[ % +65€[
de2 \op. | & oxj\oue ) ouc’

J=1

COIT(g, ;) = |00rr<9,»,a,»)| <1 (10)

(1D

i=1,2,3. (12)

The non-bracketed terms above are known functions of time
from the a priori trajectory, where the last term is due to the
acceleration’s explicit dependency on mass, ¥ = X[uc, x(uc)].

Previously, we have shown, with the use of the parameteri-
zation

(13)

that a Keplerian variation of z does not contain information on
the nucleus mass since 0z/du. = 0. Here, it should be pointed out
that a solution dz/du. # 0 of Eq. (12) does not necessarily mean
that there is information on the nucleus mass in the variation of
z. For instance, if we use the parameterization

z=2n,p,e, w, M),

Z2 =2, ro, i), ro =r(ty) etc. (14)

for Eq. (12), simulations yield that 9z/du. # 0 even though the
motion is defined to be strictly Keplerian. However, substitution
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of the simulations into Eq. (9) reveals that there is no improve-
ment in the estimated precision of the mass as observations are
processed, i.e., there is no information on the nucleus mass. That
is, the non-zero partial is in this case merely the result of a par-
ticular parameterization, and the previously stated degeneracies
are recovered by the filter Eq. (9).

4.2. Analytical

If analytical expressions for the precisions are sought, orbital
elements will be used to describe the spacecraft’s state relative
to the comet, together with the continuous version of Eq. (9),
namely (see for instance Anderson & Giampieri 1999)

1 1 ij

T
o= | arn,
(o) AT Y \ﬂ !

In this equation, which is a version of the Riccati equation with-
out process noise (Gelb 1974), the time of the first data point is
t = tp = 0, and the length of the tracking pass is 7. Analytic
expressions for the parameter precisions can then be obtained by
inverting the matrix S ~! above. Although inversions of analytic
matrices are possible with modern computers and algebraic soft-
ware, the resulting expressions are cumbersome, and therefore of
limited use. We will therefore assume that the correlations of the
system are small, representing a best-case scenario. That is, the
off-diagonal elements of S ~! are small so that the precisions are
well represented by the diagonal elements. If there, in addition to
small correlations, is no a priori information on the parameters,
Eq. (15) is reduced to

.\ 2 T .\2
@ - L f df 6_‘9
00; At Jy 00;

with At still as the time between data points.

St = S5 (10) = (15)

(16)

5. Mass determination due to relative motion
5.1. Optimal inversion

Usually in deep space navigation, most of the information on the
mass of the central body and the motion of the spacecraft is given
by the relative motion of the observer’s cometocentric plane-
of-sky. To be more specific, let the x; of Eq. (4) be Keplerian,
with the result that the cometocentric orbit elements are constant.
As previously mentioned, there is no information on the probe
orbit’s longitude of ascending node Q in the observer’s initial
plane-of-sky, or on the mass parameter y in a Keplerian z. This
is not the case, however, for the other components of Eq. (4). For
instance

A7)

which can be found in most textbooks in celestial mechanics. It
should be noted that with the parameterization above, we have
that both

ou. 0Q
That is, the fact that a Keplerian variation of 7z does not contain
information on the nucleus mass has been resolved already at the
parameterization level. Taking the necessary partial derivatives
of Eq. (4) using the dependency of Eq. (17), one gets to zero
order in orbit eccentricity

x = ila(n, ue), I(p, n, ue), Q]

(18)

3
(1 = cos®> Qsin’ I)

T - \2 2 2
0o ,na'T
dr | — R a—
fo (39) 7%

19)
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and
. \2 .
det @ _)wénzazT3 1 —cos?Qsin’ 1 20)
0 e 54 u? cos? [
as T — oo. With the use of Eq. (16) we then get
.2
00 At 6
(6Q)* = ( ) 1)
awe) n?T3 1 —cos?Qsin’ [
and
2 2
0, 1)
(ﬁ) - ( m°) = 9(5Q) cos? I (22)
Mec c

for the precision of the node and nucleus mass as estimated by
the Kalman filter Eq. (9).

These expressions should be taken as the best possible re-
sults produced by Eq. (9) since a prerequisite of Eq. (16) is that
the parameter correlations are low. As we shall see, the Kalman
filter Eq. (9) produces precisions that are not as good as those of
Egs. (21) and (22).

A quantitative approach like above is also given by Russell
& Thurman (1989) in which no restrictive assumptions on pa-
rameter correlations are made. However, the mass of the central
body is assumed to be known, and the resulting expressions for
the remaining parameter precisions are given indirectly only, due
to their lengths. In addition, some erroneous results are obtained,
as pointed out in their work. The errors are related to the fact that
in their treatment, the partial derivatives of the observable with
respect to solve-for parameters are determined by the largest as-
sumed non-zero component of Eq. (4) only. If these partials van-
ish for some orbit geometry, one is then perhaps falsely lead to
believe that there is a singularity in the data. Also, only the aver-
age information in an orbit is considered in their work.

5.2. Simulations of covariance

Next, we want compare the analytic expression Eq. (22) to co-
variance simulations Eq. (9) using Eq. (4) as the Doppler ob-
servable. In order to generate the covariance matrix of Eq. (9),
the variational equations Eq. (12) are simulated along the studied
trajectory. It should be stressed that such covariance simulations
are not dependent on the actual observations and, therefore, we
do not need to generate “noisy” data for this purpose. The un-
known parameters, of the defined Keplerian motion, to be esti-
mated by the Kalman filter are

(23)

ro, Fo, M-

In Fig. 3 the analytic Eq. (22) is represented by the solid lines,
while the outputs of the Kalman filter are given by the dashed
curves, where the mass of the nucleus is set to our nominal value,
Eq. (1), and the longitude of ascending node is set to an arbi-
trary Q = 1.00. Due to the asymptotic prerequisite 7 — oo of
Eq. (22), we do not expect the expression to capture properties
of the Kalman filter output for tracking intervals T less than an
orbit period P. Therefore the analytic (solid) curves have not
been plotted for T < P. The curves in the plot are separated by
the value of the orbit inclination 7 with respect to the observer’s
initial plane-of-sky, as measured in radians.

As can be seen, the correspondence is acceptable considering
the assumptions. It should be pointed out that the choice of a
non-zero eccentricity e = 0.2 is not by chance, but represents
a value for which the correlations of the parameters drop from
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Fig. 3. Mass precision estimates are shown as functions of the tracking
time 7 in the number of orbit periods P = 191 h for a cometocentric
orbit semi-major axis of a = 10r. of the spacecraft. The numerical
simulations (dashed lines) Eq. (9) are compared with analytical results
(solid lines) from Eq. (22) (I = 0.100, 0.800 rad.) and Eq. (26) (I =
1.560 rad.), with we = 20 arcsech™.

very high to high. That circular orbits should be avoided has
been pointed out in previous works, see for instance Russell &
Thurman (1989).

Figure 3 reveals a decorrelation timescale, i.e., the timescale
on which the precisions converge to their asymptotic tendencies,
of about an orbit period. If we include more unknown parame-
ters in addition to those of Eq. (23), the Kalman filter will have
a harder time separating the parameters, and the decorrelation
timescale will increase.

At I = 1.560, not set to /2 in order to avoid purely math-
ematical results, the simulated points drop roughly as ~7~!/? in
disagreement with Eq. (22) whose neglected components will
then dominate. That is, the information in the Doppler data on
the position and velocity of the spacecraft relative to the comet
is so abundant that the probe’s state is, for our purposes, almost
completely known. To elaborate, we can use Kepler’s third law
in the form

e =n*p’sinI, p=asinl. (24)
Now, from Eq. (7) it can be reasoned that if / # 0

00  0:

% % tsinm (25)

on  On

and we expect that 6n ~ T732, see Eq. (16). That is, the un-
certainty in #n is rapidly reduced. Then we have the inclination
component which is determined if the hypothesis of high preci-
sion values of ry and 7y hold. This leaves us with the parame-
ter p which, from a Keplerian 7 of Eq. (4) and simplification of
Eq. (16), has an estimated precision

6;132 3(5p2 18aAt(6Q )2
He p e T \sinl/ ~

This equation is also represented in Fig. 3 with / = 1.560, and
again the match with the simulation is acceptable.

(26)

5.3. Loss of signal component

According to Fig. 3, the precision of the mass estimate does not
degrade significantly when the orbit gets more aligned with the
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observer’s initial plane-of-sky, / — 0. On the contrary, simula-
tions with a nominal nucleus mass show that even circular orbits
yield good precisions for this geometry. This is of some interest
as one is led to believe that an I # 0 strategy is wise because the
then non-zero z component of the Doppler observable, Eq. (4),
might carry information that lowers the parameter correlations.

Unlike what is indicated by Eq. (21), filters in which we
solve for the orbit elements yield 6Q — oo as I — 0. However,
filters in which we solve for the spacecraft’s position and ve-
locity relative to the nucleus demonstrate that ry and i are still
well determined for such orbits. The reason for this apparent in-
consistency is the perfect correlation between Q and w which
occurs when I — 0. That is, for / = 0 the observable Eq. (4) is
dependent on Q + w only.

5.4. A singularity

At last, it should be pointed out that as / — 7/2 when Q = 0
or m, the precision of the node, Eq. (21), goes towards infinity.
This well-known unfavourable geometry, referred to in literature
as a singularity in the Doppler data, means that the information
on the spacecraft’s position and velocity relative to the comet
is seriously degraded. That is, as this orbit configuration is ap-
proached, then

Oy(1, 1
sitto) ~ 2209 50 15— < 0 ~ Sy(t0). 27)
0 cos/
but
it 1
sitio) ~ 200 50 cosTx —— ~ 1 ~ Gx(to). (28)
0Q cos/

As for the mass precision estimate, Eq. (22) indicates that there
is no such singularity, as is confirmed by covariance simulations.

In Wood (1986) the singularities of the navigation and, indi-
rectly, also the mass inversion problem have been pointed out in
an approach where the average information in an orbit is studied.
In this paper, we have also attempted to formulate expressions
which capture not only the qualitative, but also to some extent
the quantitative aspects of the problem. This enables us to better
compare the role of the different parameters in the navigation of
the probe and determination of the nucleus mass, but elements
which are related to extreme parameter correlations, i.e. circu-
lar orbits, are not captured in the analytical formulation of this

paper.

6. Perturbations

As previously mentioned, if the motion of the orbiter is
Keplerian, one is, from Doppler observations alone, reliant on
the rotation of the observer’s plane-of-sky if the spacecraft’s
state relative to the central body and the body’s mass are to be de-
termined. However, the Rosetta probe, with its large solar cell ar-
rays, will experience strong non-gravitational perturbations both
due to radiation pressure from the Sun and, near the comet nu-
cleus, outgassing pressure. In this section, we will therefore in-
vestigate to what extent the relevant perturbations can influence
navigation and nucleus mass determination through Doppler
measurements.

6.1. Radiation pressure

For this purpose, let n be the unit vector normal to Rosetta’s ra-
diation exposed solar cell arrays. By intent the arrays are built to
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absorb most of the photons, which yields a cometocentric per-
turbing acceleration acting in the anti-solar direction. If we set
the weaker accelerations due to specular and diffuse reflection of
solar radiation (Valorge 1995) equal to zero, then one has for the
perturbing cometocentric acceleration

AF = =2 voto, (29)

R2
Above, ug is a unit vector pointing in the direction of the Sun,
and yo = |n - ug. If all photons are absorbed and the fuel spent,
a large value of & ~ 0.0015 r.h™ AU? is obtained (remembering
that . = 2km is merely our chosen unit of length).

6.2. Outgassing pressure

One way to describe interaction between the spacecraft and the
expanding gas of the nucleus coma is by the perturbing pressure
field acceleration

Ai = A [(vr + o)ty + X (0sxr + 12)0) - (30)

Above, y, = |n - u,| where n now is a unit normal vector of the
solar cell arrays that point away from the nucleus, with u, = r/r.
The “absorption” of molecules by the spacecraft bus is repre-
sented by 1,, while the contributions from specular and diffuse
reflection are represented by 7, and n, respectively. However,
the law’s validity, i.e. applicability with constant n coefficients,
seems tenuous. For instance, whether or not the molecules will
be thermalized by the spacecraft surface, and the 7’s therefore
are dependent on, among several effects, the temperature of the
probe, remains an open issue which possibly only will be an-
swered when the tracking data are available.

Different models of the pressure field strength are available
in the form (see for instance Mysen & Aksnes 2006, and refer-
ences therein)

= (2

where (8 is the cometocentric zenith angle of the spacecraft with
respect to the Sun, cosf8 = ug - u,, and A is the longitude of
the probe measured in the solar plane-of-sky through the pres-
sure field center, and relative to the heliocentric orbit plane of
the comet. The inverse square dependency on distance from the
field center is related to the mass conservation of a stationary
outgassing pressure field. However, from realistic simulations of
the coma, it is clear that both the strength of the field and its di-
rection are modulated by the nucleus rotation (see for instance
Crifo & Rodionov 1997a, b).
Using a mass flux

€2

pv~expls(cosf—1)] (32)

where s > 0 is an anisotropy parameter and Q is a strength pa-
rameter, mass conservation yields (see Mysen & Aksnes 2006)

- sexpl[s(cosf - 1)] .

A= 2n[1 — exp(—2s)] (33)
Possible high values of Q are (Mysen & Aksnes 2006)

Qco(10” mols™) ~ 1r.h™2, allR (34)
O11,0(10% mols™) ~ 107.h™2,  perihelion (35)

for the total production rates of water and CO given in brack-
ets. The form of the law is motivated by one direction of pref-
erence, namely that of the Sun which drives the sublimation of
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ices. Especially for water outgassing, some simulations (Crifo &
Rodionov 1997a) indicate that the field strength can drop more
than an order of magnitude from 8 = 0 to 8 = /2. As for the
sublimation of more volatile ices, which are more relevant at
comet rendezvous distances, they seem to yield more isotropic
pressure fields (Crifo et al. 2003), i.e. s of Eq. (33) is small. Since
they are more volatile, they are also to a larger extent influenced
by orbital, instead of diurnal, variations in the received sunlight,
and some pressure field variation with A is therefore more plau-
sible based on this simplistic argument alone.

We stress that we here present Eq. (30) merely as an example
of a law that is used later to produce examples of the outgassing’s
influence on our results. A systematic study of the outgassing
pressure force on the orbiter is in progress.

6.3. Perturbation of signal

The perturbations Eqgs. (29) and (30) induce a variation in the
cometocentric orbit elements which by an observer is mainly ex-
perienced through the dominant part of the observable Eq. (4),
namely through z. Now, let £ be the vector containing the param-
eters which are determinable from a Keplerian variation of this
dominant part, which are those given by Eq. (8)

& =(n,p, e, w, My). (36)

According to the perturbation theory, these parameters experi-
ence periodic oscillations A £ as well as a so-called secular evo-
lution which below is represented by a linear component

¢ =) + L(to) 1 + AL, (37)

Both types of variation may contain information on for instance
the nucleus mass

9 0 & [ag(ro) LY

to = 0.

oue " ame o) | ame ' ae e
where the fundamental degeneracy of the Keplerian inversion
problem is resolved already at the parameterization level, i.e.
z[L(to)] # z(uc), for Eq. (38) to be valid. It can easily be checked
that the secular term is most important for information on nu-
cleus mass and spacecraft velocity and position relative to it. The
details of the gravity field, on the other hand, induce a very small
secular change in ¢, and the periodic A ¢ is therefore of greater
importance as long as the oscillations are detectable. Studies of
these components require more physical representations of the
outgassing pressure field than that of Eq. (33), and will be treated
in a subsequent paper.

In the case of the Rosetta probe where the perturbations are
very strong, the linear approximation of the secular evolution
above quickly fails, and a Taylor representation is more appro-
priate

|0

& =)+ ()1 + %f(to)t2+~-~, (39)
inducing a number of different timescales m, as in Sy ~ T—m/2
from Eq. (16), in the simulated evolution of the estimated pa-
rameter precisions.

Also due to the strong non-gravitational perturbations, the
existence of bound orbits on long timescales is questionable, and
information on mass from perturbations should not be sought at
the expense of stable orbit configurations in which the cometo-
centric orbit elements by definition do not evolve. Especially so
since there, as has been shown previously, still is information on
nucleus mass and spacecraft position and velocity relative to the
comet from relative motion.
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Fig. 4. The figure shows the Sun-comet-Earth angle 2014-2015, with
near alignment of Sun-Earth-comet on July 10, 2014 and of Earth-Sun-
comet on Feb. 10, 2015. A): comet approach phase, G): gravity cam-
paign, L): lander delivery to nucleus, E): comet escort phase, P): peri-
helion passage.

6.4. Indeterminacy of relative state and mass

In the same way, information on the node Q exists due to the
pressure perturbations of the Keplerian signal. However, an ex-
ception should be mentioned. Included as Fig. 4 is the angle be-
tween cometocentric direction of the Sun and that of the Earth
for the rendezvous and orbiter years 2014-2015, based on data
from JPL’s HORIZONS.

Clearly, this angle is small during the early phases of comet
approach and orbit insertion. Let therefore, in order to demon-
strate our point, the cometocentric direction of the Sun coincide
with that of the Earth. Now,  can be written as a function of
canonical variables y = (Q,, P,) with time derivatives (Tveter
1994; Mysen 2006)

. or . or
~AF - —, Py~ —AF-— 40
Oy~ AF- o5 Py~ —AF- o (40)
when perturbed by the acceleration A¥. One then has that
N%)‘,,vﬁAzﬁ_ﬁAzﬁ. (41)
dy’ 9Qy ~oPy 9Py 9Qy

Since neither ¢, z, the solar radiation nor the outgassing pressure
accelerations AZ with angular dependency Eq. (33) contain €,
the partial derivative of the range-rate with respect to the node,
as given by Eq. (38), is zero. That is, if the observer’s plane-
of-sky coincides with the solar plane-of-sky, then the perturba-
tions from the radiation pressure, and types of outgassing pres-
sure with only the Sun as direction of preference, carry no infor-
mation on the spacecraft’s velocity and position relative to the
nucleus, as is verified by covariance simulations. The inclusion
of derivatives of higher order, like in Eq. (39) does not alter the
conclusions.

The same simulations show that if the only effect which car-
ries information on the nucleus mass is an outgassing pressure
in the form of Eq. (33), the estimated uncertainty of the mass es-
timate goes to infinity when the orbit plane, the observer’s initial
plane-of-sky and the solar plane-of-sky all coincide.

6.5. Relative strengths

This section is concluded with some covariance simulations
Eq. (9) along true spacecraft trajectories where the observable is
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lOglo (T [P])

Fig. 5. Estimates of nucleus mass at comet heliocentric distance R =
3.5 AU and cometocentric orbit semi-major axis @ = 10 r, are shown as
functions of the tracking time T in initial orbit periods P. The solid line
represents the mass inversion if outgassing pressure is the only effect
which lifts the fundamental degeneracy. The corresponding results for
relative motion and radiation pressure are represented by the dashed
curves.

set to Eq. (4). In addition to the nominal nucleus mass of Eq. (1),
the unknown parameters to be estimated are

QQZﬁ)Z(uO:I()Zl, 6‘020.2

po=841r,, ny=0.0329h"", &=0.0015r.h"> AU?

m =01, n,=1, 0=01rh2 s=1 (42)
of Egs. (29), (30) and (33), where for instance Qy = Q(t) as
before. For simplicity n;, = 0 and yo = 1. The a priori parame-
ter uncertainties are set to very large values, or in other words,
the parameters are for all practical purposes assumed to be un-
known. This is actually not an essential assumption as the esti-
mation filter will erase traces of a priori constraints that are not
very precise.

Some results for the mass precision are shown in Fig. 5,
where the only information on nucleus mass the filter receives is
from outgassing pressure (solid line), radiation pressure (densely
dashed) or a relative motion of wg = 20arcsech™ (dashed).
That is, our system is defined to be affected by only one of the
above perturbations at a time. The cometocentric direction vec-
tor of the Sun is defined by the solar latitude 8o = 80° and lon-
gitude Ay = 160° relative to the previously defined non-rotating
reference system, which at the start of the tracking pass coin-
cides with the observer’s plane-of-sky.

In these cases, with a Q which is an order of magnitude lower
than what has here been presented as a rough upper limit at
comet rendezvous (see Mysen & Aksnes 2006, and references
therein), Eq. (34), outgassing pressure is not essential in the de-
termination of nucleus mass. This is beneficial since it is difficult
to know if any aspect of the applied interaction law between the
spacecraft and the molecules of the coma is representative be-
fore one obtains real data. In a worst case, the variations of the
Doppler signal induced by outgassing pressure can only be in-
terpreted as little more than noise, but in the above scenario, a
noise which does not dominate the signal.

If, on the other hand, the value of Q is increased an order of
magnitude to what is considered as an upper limit at rendezvous,
one obtains the results like Fig. 6, where the filter can get a lot
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Fig. 6. Precision of the nucleus mass as the Doppler data are collected
at an orbit semi-major axis of a = 10 r, as functions of tracking time T
in initial orbit periods P.

of its information on nucleus mass from the outgassing pressure
perturbation.

The same behaviour is also observed for the cometocentric
orbit’s longitude of ascending node.

At last, it must be mentioned that it will be possible to place
quite tight constraints on the radiation pressure parameters dur-
ing Rosetta’s long cruise phase. For instance, covariance simu-
lation runs show that if ¢ of the simplified Eq. (29) is known
precisely at the start of the tracking pass, the estimate of the nu-
cleus mass will be much improved. However, in order for this
improvement to take place, the a priori uncertainty must typi-
cally be better than 6¢/¢ < 0.001, which seems ambitious to us.
Also, upon arrival, the properties of the perturbation may be al-
tered if the spacecraft surfaces are contaminated with dust from
an active nucleus, for instance due to CO outgassing (see Mysen
& Aksnes 20006).

7. Conclusions

In this paper, the information carried by the Doppler displace-
ments of the radio carrier waves of a probe orbiting a small body
has been studied. Fundamental degeneracies of the probe naviga-
tion and central body mass determination are rederived, and the
related uncertainties are to some extent quantified. Accordingly,
navigation on Doppler signal alone is not significantly hampered
if the signal is initially lost due to an orbit which at the start of the
tracking pass lies in the observer’s plane-of-sky. The reason for
this is that essential information on the central body mass and
navigation parameters are obtained from weak components of
the Doppler signal, related to relative motion between observer
and the central body.

As a result, it is possible that the variations of the Doppler
signal induced by non-gravitational forces can carry more infor-
mation on the system parameters. On the other hand, if the effect
of these non-gravitational perturbations are not well-modelled,
which to some extent always is the case for spacecraft, the
corresponding information is partly lost. Even further, the in-
duced variations can act as noise which mask components of the
Doppler signal which do contain the necessary information for
probe navigation and radio science, like those from relative mo-
tion. In this paper, it has been demonstrated that this is possible
for ESA’s Rosetta probe at comet rendezvous in a worst-case
outgassing scenario.


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361:200809941&pdf_id=5
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Future extensions of the work in this paper will discuss the
extrapolation of the gravity field’s details and the coupled rota-
tion parameters of the central body, for which the temporal vari-
ations of a possible outgassing pressure field are of importance.
A state of the art computer code for coma simulations will be
used for this purpose.
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