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Abstract

The Cassini mission has provided measurements of the gravity of several moons
of Saturn, as well as an estimate of the tidal response, expressed as the degree 2
Love number kg2, of its largest moon, Titan. The first estimates of Titan’s Love
number were larger than pre-Cassini expectations. Interior modeling suggested it
may be explained with a dense ocean, but interpretation remained unclear. We
have analyzed Cassini tracking data to determine Titan’s gravity field and its
Love number. Our gravity results are consistent with earlier studies, but we find
a lower Love number for Titan of k2 = 0.375 % 0.06. This lower value follows
from an elaborate investigation of the tidal effects. We show that a dense ocean is
not implied by the obtained Love number; instead, a water or ammonia ocean is
more likely. A lower density ocean can increase the likeliness of contact between
the silicate core and ocean, which can leach minerals into the ocean and could
promote its habitability.

The Cassini mission explored Saturn and its icy moons for more than a decade.
Among its many instruments, Cassini carried a Radio Science Subsystem that enabled
Earth-based radiometric tracking of the spacecraft by the Deep Space Network (DSN).
These data were used to determine the gravity field and interior structure of several



of Saturn’s moons [1-4], as well as that of Saturn itself [5]. Cassini data were also
used to determine Titan’s tidal response [6], expressed as its degree 2 potential Love
number ko. This dimensionless parameter describes how the gravitational field of a
self-gravitating body is changed in response to forcing by the gravitational field of a
disturbing body, which in this case is Saturn.

To explain the presence of methane on the surface of Titan, thermal modeling of
its interior predicted that it could contain an internal ocean [7]. Additional modeling
suggested that an ammonia-rich liquid layer may be present under an icy shell [8-10]
and that Cassini might be able to detect such a subsurface ocean from measurements of
Titan’s Love number [11, 12]. Knowledge of the composition of the ocean, as expressed
for example in its density, is important as it influences melting curves and interior
temperature profiles. This in turn influences the interior layering and possible contact
between ocean and silicate core, which has implications for habitability [10, 13, 14].

Initially, Titan’s gravity field, without ko, was estimated up to spherical harmonic
degree and order 3 from four flybys [1]. Adding two more flybys allowed for the esti-
mation of ko, resulting in values of ks = 0.589 + 0.15 and ko = 0.637 + 0.224 using
two different processing strategies [6]. These values confirmed the presence of a global
ocean. Yet, while a dense ocean could account for the estimated ko range (which was
larger than expected [10]), the water or ammonia-based ocean with a thin shell (gener-
ally considered to be less than 100 km), favored by evolution models, is only consistent
with the lower end of this ko range [6].

Subsequent analyses using refined interior modeling, some with additional data
from for example Titan’s obliquity [15] or shape [16], found that only models with
a dense ocean could satisfy the ko constraint [17-19]. Models of Titan’s interior con-
sistent with the moon’s mean density, polar moment of inertia factor, and obliquity,
were also only consistent with the lower end of the ko estimate; it was argued that the
higher ks value could be matched by a denser ocean or mushy lower ice layers, but
their existence was not supported by evidence [13].

Analysis of the entire set of 10 Titan flybys resulted in a Love number ko =
0.616+0.067 [3], close to the earlier results. Interpretation of the Love number remained
unclear: the high value could indicate a high density ocean, a partially viscous response
of the deeper regions of the moon, or a dynamic contribution to the tidal response, such
as non-resonant dynamic tides [3]. An accurate determination of the Love number is
thus crucial to determine the existence of an ocean and to be able to place constraints
on its composition.

Results

We have processed Cassini radiometric tracking data with different tools and analysis
methods from earlier efforts (see Methods, Data Analysis section). We determined
gravity field models for Enceladus and Titan, including Titan’s Love number. Our
solutions for both moons are listed in Supplementary Table 1. We discuss results for
Enceladus here for validation of our processing.



Enceladus’ gravity

Following earlier work [20], we determined a degree and order 2 field for Enceladus,
together with the zonal term J5. The terms that are well-determined (i.e., with rel-
atively small uncertainties) are J; and Cs 2. The zonal term Js; has a formal error
slightly larger than half of the coefficient value. The values of C 1, S2,1, and Sz 2 are
relatively large. These coefficients are related to Enceladus’ orientation as they would
be zero in a principal axis system. With only three flybys our solutions are not sen-
sitive to these. When we constrain them to be small, the other coefficients are not
significantly affected.

We find a ratio of J2/Ca2 = 3.30 £ 0.27 (errors are one-sigma unless indicated
otherwise), which is very close to the hydrostatic equilibrium expectation of 10/3.
We use the Darwin-Radau relationship [21] to determine Enceladus’ polar moment
of inertia factor C'/(M R?) where C is the polar moment of inertia, M the mass and
R the radius (252 km). We find a value of C/(MR?) = 0.345 4 0.01 which suggests
differentiation of the moon with a rocky core at its center.

Titan’s gravity and tides

For Titan we estimated a full degree and order 5 field and its Love number, similar
to earlier work [3]. We show Titan’s radial accelerations in Figure 1. Several of the
larger anomalies are below ground tracks, yet the stronger negative gravity anomaly
between 60°E — 120°E and 30°N — 90°N is not and it is thus much more uncertain, as
confirmed by the map of anomaly errors (Supplementary Figure 3).

We show the power in the gravity field in Figure 2, together with the power per
degree of the formal errors. The power in our solution increases for degree 4 and 5,
compared to degrees 2 and 3. This may be due to gaps in the geographical cover-
age with the flybys (see Figure 1), resulting in not enough resolution to estimate a
full degree and order 5 field. This could indicate the need for constraints, but we
decided not to apply constraints on the gravity coefficients (see Methods, Data Anal-
ysis section). The degree 2 and order 1 coefficients are small due to better coverage,
which indicates a better sensitivity than we found for Enceladus, and agreement with
the rotational model we used for Titan in our analysis [22].

Similar to Enceladus, the Jy and Cj o coefficients are the coefficients that are
determined best. We note that the relative errors for these coefficients are smaller for
Enceladus than for Titan, despite having many fewer flybys, likely due to the larger
values of the coefficients. For Titan, we find a ratio of J3/Cy2 = 3.21 £ 0.72. This
is slightly lower than the hydrostatic ratio but within one sigma. Using the Darwin-
Radau relationship we find a polar moment of inertia ratio of C'//(M R?) = 0.348+0.03
(where we used a radius of 2575 km for Titan). This also indicates that Titan is
differentiated. Such a moment of inertia factor can also be consistent with a fully
differentiated interior consisting of an icy shell over a low-density core [23].

Because the J5/Cs o ratio differs from the hydrostatic value, and considering its
large uncertainty, non-hydrostatic contributions may be present which would affect the
inertia factor estimate [24]. This may also have an effect on librations [25]. Following
earlier analysis [3], we can account for this to some extent by assuming a hydrostatic



and non-hydrostatic part for each coeflicient. We then find the hydrostatic part of the
total coefficient by minimizing the root-mean-square of the differences between total
and hydrostatic coefficient for both J; and C9 2, where the hydrostatic parts have
direct expressions dependent on the fluid Love number [26], which is the Love number
that characterizes the long-term rotational and tidal distortions, in the limit that the
exciting period goes to infinity. This results in a slightly higher moment of inertia
factor of C/(MR?) = 0.3544-0.01 when using the hydrostatic parts of the coefficients.

The tides raised on Titan by Saturn change Titan’s degree 2 gravity field, and
this effect, modeled with the Love number k3, can be estimated directly using the
response to a tidal potential or through time-variations in the degree 2 coefficients;
both methods are identical (see also Discussion, and Methods, Tidal Effects section
for more details). Flybys of Titan dedicated to gravity occurred at different mean
anomalies of Titan in its orbit around Saturn (see the flyby characteristics in Sup-
plementary Table 4), which increases the observability of the tides [3]. We iterated
gravity solutions, gradually expanding the maximum spherical harmonic degree (see
Methods, Data Analysis section). We estimated ks for different expansions, and base
our final result on a series of degree and order 5 fields. We find a mean and standard
deviation of all these solutions of k; = 0.375 4+ 0.06, and extreme values of 0.25 and
0.49. The higher values were found with low expansion degrees and when weighting
the data uniformly (see Methods, Data Analysis section), but the solutions for ks are
generally in the 0.3 — 0.4 range. Each separate solution has a formal error close to
0.13; as indicated, our quoted error is from the spread in solutions which comes out
to be half the formal error of the individual solutions.

Discussion

Flybys have only a limited sensitivity to the gravity field coefficients, due to their
limited spatial coverage (see also Figures 1 and Supplementary Figure 3, and Supple-
mentary Figure 4 for Enceladus), but at least the J; and Cs 2 terms should be well
determined for both moons: these terms are by far the largest (due to rotational and
tidal forces), and the ground track coverage for the moons is such that both terms
should be determined well (there are high- and low-inclination tracks). For both Ence-
ladus and Titan we find good agreement with earlier analyses [1, 3, 20] for these
coefficients. For Enceladus our J; is slightly smaller and C5 3 is slightly higher, result-
ing in a smaller Jo/Cs o ratio, but the ratio is consistent within one sigma. Our Js
term is larger (in an absolute sense), but it also has a relatively large error. For Titan,
our Jo/Cs 5 ratio is very close to that from earlier analyses [1, 3], while our individual
coefficients are slightly different (see Supplementary Table 1 for a comparison with
earlier results). They are generally consistent within one sigma, and thus not signifi-
cantly different. These results, together with good levels of fit to the data (where close
approach signals in the tracking data residuals disappear; see Methods, Data Analysis
section) indicate the validity of our processing and provide confidence in our solutions.

Our reported errors are higher than those from earlier results using the same data.
This may be partly due to the fact that we use 10 s data instead of 60 s data: shorter
count intervals in general increase the intrinsic noise although thermal noise is deemed



minor for Cassini [27]. We also use a different data weighting scheme, and we apply
variance component estimation in our estimation, where each flyby is a statistical set
for which a weight factor is determined (see Methods, Data Analysis section). The for-
mal errors from our solutions are thus calibrated such that the formal statistics match
the observed statistics (i.e., variations of data residuals from cyclically randomizing
the statistical sets), resulting in higher formal errors for the gravity coeflicients (see
also Figure 2). The error for degree 2 is larger when we estimate ko. This is due to
correlations between ko and the degree 2 gravity terms (see Methods, Tidal Effects
section).

As stated earlier, the power in the degree 4 and 5 terms of Titan’s field is larger
than that of earlier analysis [3], which found the spectrum to follow a power law
(Kaula rule) of 1075/n? (with n the spherical harmonic degree). The higher degree
expansions did not significantly affect the lower degree coefficients; our ko estimate
was only slightly affected. We noticed that the fit to the data did not improve much
when we estimated a degree and order 4 or 5 field compared to a degree and order 3
field (see Supplementary Figure 5), and this indicates that the solutions are likely not
sensitive to a full 5 by 5 field. We estimate the full degree and order 5 field nonetheless
to prevent possible aliasing of additional signal into the lower degree terms. We did
not constrain the gravity parameters to follow a Kaula rule as the knowledge of icy
bodies’ gravity field is currently too limited to make definite statements about the
expected power spectrum [28]. The higher degree terms are not determined well; for
several, the formal error is larger than the coefficient value, which was also noted in
earlier work [3].

Having established that the solutions agree for the important degree 2 terms, we
next investigated differences with the earlier studies for the estimation of k. As indi-
cated, our analysis can account for the effects of the tides in two separate ways:
through a direct tidal potential, or through the time-varying effects on degree 2 coef-
ficients (see Methods, Tidal Effects section). We used both tidal models separately in
our processing and this results in the same estimated ko value.

Earlier work [6] used the approach of the time-varying effects on the degree 2
terms. We note however that there are three core differences with how the tides are
accounted for, compared to our analysis. First, an approximated tidal potential [11, 12]
was used, whereas we use a more general expression that does not rely on assumptions
for Titan’s orbit [29, 30]. Second, we note a discrepancy of a factor of 2 in the time-
dependent k contribution to the S5 term, making the term smaller compared to
the cited pre-Cassini work [11, 12] their expressions are based on. Third, the time-
varying effects of ko on the degree 2 terms are not correctly accounted for in the partial
derivatives; these relate changes in the data residuals to changes in the k; parameter
and are critical to form linearized observation equations and estimate the parameter.

Because the effects of k5 on the degree 2 terms are time-dependent, they should be
accounted for by combining them with the partials for the degree 2 gravity terms in
the numerical integration of the variational equations. However, in the earlier analysis
of Cassini data [6] they are combined with the degree 2 terms after the variational
equations are integrated. We show that this results in an observation equation system



that does not correctly relate changes in the estimated parameters with changes in
the data residuals (see Methods, Estimation of ks section).

When we alter our own estimation scheme to follow the earlier analysis, we can
replicate their results: we then also obtain larger Love numbers (see Supplementary
Table 2). The first difference is likely of little consequence as the approximated tidal
potential is close to the more general one (see Methods, Tidal Effects section). The
discrepancy in the S5 o factor by itself also should in principle not influence the results
too much, because the Jy and Cs o effects of ko are much larger (see the discussion
of the permanent contributions to the degree 2 terms in the Methods, Tidal Effects
section). But constructing the partials from which ko is estimated without taking into
account the effect of ks on the degree 2 terms during the numerical integration of
the variational equations compounds with the other two differences, and results in an
over-estimation of ks.

We can reproduce the earlier results with the incorrect partials. A later solution [3]
may have used the correct partials (priv. comm.), yet this is not documented. They
find results very consistent with the earlier ones (ko = 0.616), which is surprising as
we find a strong influence of the partials on the resulting value, and we thus would
expect at least a change in the ko value when using different tidal modeling. We cannot
reproduce the later results with using the correct partials. We also cannot explain the
differences in ko with the use of constraints or by using a different maximum degree
and order of the expansion. When we use the later results [3] as a starting point in
our analysis, including ke, we still find a lower Love number. Our results never reach
high ko values; we therefore conclude that the application of the correct partials leads
to a Love number estimate that is robustly in the range of 0.3 to 0.4.

Analyses of interior models for Titan based on the higher Love number found a
need for a dense ocean to match the Love number constraint, which often was still only
satisfied at the lower end of its uncertainty. Our lower value is closer to pre-Cassini
predictions [10]. Together with our estimate for Titan’s moment of inertia, and its bulk
density (obtained from the value of GM, see Supplementary Table 1), we can use the
Love number to determine parameters of an interior structure model of Titan to probe
whether a dense ocean is still implied. For completeness we also include Enceladus in
our analysis but we discuss results only in the Methods, Interior Modeling section.

We model Titan’s interior as a spherically symmetric body. We assume 4 layers: a
rocky core, a high-pressure ice shell, an ocean, and an icy crust [14, 17, 31], with a fixed
total radius of 2575 km. We computed realistic density profiles for the hydrosphere
based on recent analysis [31] for varying ocean compositions (pure water, and varying
weight percentages of MgSO,) and temperatures at the bottom of the ice shell (which
is a proxy for the shell thickness), and compared the tidal response of such profiles to
that of a model with layers of constant density (where the constant density was the
average of the density profile in each layer; all other parameters, which are discussed
below, were kept the same). We show such a density profile in Supplementary Figure
11. We found that accounting for the increase of density with depth increases the
Love number by at most 4 %, which is smaller than the current error on ko, and in
agreement with earlier results [17].



Given the large impact of the ocean density on the predicted Love number [14, 17,
31] and the significantly lower Love number, we find it more prudent to use a simplified
model with parameters that previous analyses have shown to have the most influence
on ko. We thus use a model with constant densities in our subsequent analysis.

We vary the core radius and density, ocean thickness and density (the ice shell
thickness also varies; it is determined automatically from the fixed planet radius and
other radii values), the viscosity of the high-pressure ice and icy crust, within given
limits (see Methods, Interior Modeling section, and Supplementary Table 3 for values
and their ranges). We explore the parameter space using a Markov Chain Monte Carlo
(MCMC) approach [32] to match the moment of inertia factor (we use our value of
C/(MR?) = 0.348 4- 0.03), bulk density, and Love number. To compute Titan’s tidal
response we used a Maxwell rheology for Titan but find that we obtain the same
results with an Andrade rheology.

We find that the moment of inertia factor is mostly sensitive to the core parameters.
The error on the polar moment of inertia factor is such that we cannot determine the
ocean thickness or icy crust thickness with certainty. We generally find solutions close
to our minimum ocean thickness (50 km) but thicker oceans are also possible. We show
histograms for the core radius and density in Figure 3, and the distribution for all
parameters and measurements in Supplementary Figure 12 which allows for additional
considerations of the sensitivity of our results. We find a core size of 2110 4+ 76 km
and a core density of 2528 + 175 kg/m? from the modes of the distributions. Both of
these values are consistent with models from a recent review of Titan’s interior [14].

We show the relationship between ocean density and ko in Figure 4 as a heat map
of model counts from our results. Our analysis clearly favors lower densities for Titan’s
ocean. We obtain an ocean density of 1091 4= 107 kg/m? as the mean and standard
deviation of the distribution of ocean densities. Larger densities are less likely, and
indeed result in larger Love numbers. A dense ocean is thus not implied to match our
estimate of Titan’s Love number.

We tested a wide range of viscosities and rigidities for the layers pertinent to
the tidal response, and the results showed only low sensitivities, similar to an earlier
study [17]. Our simplified modeling may result in weaker sensitivities with respect
to the viscosities and rigidities than when more complete models with temperature-
dependent viscosity profiles are used. Such models would include viscosity changes
with depth which will affect the tidal response. Still, studies that apply more complete
models all indicate that a lower Love number correlates with lower ocean densities [13,
17, 31].

Ocean density depends on its composition [31], and it also affects the thickness of
the crust and high-pressure ice layer through its effect on temperature profiles [14]. A
thin icy crust and a less dense ocean may result in a thin or even absent high-pressure
layer. This in turn would make contact between the ocean and core more probable, and
increases the chance that volatiles and organics in the core could be transported into
the ocean with implications for astrobiology [14]. Previous analyses of Titan’s interior
using the higher Love number value focused on increasing the ocean density by looking
at different compositions. An ocean with a higher weight percentage of MgSQO4 has
a higher density compared to pure water or an ocean with NH;3[31]; our lower Love



number implies a lower density which favors water or NH3 oceans. Our results thus
have important implications for our knowledge of Titan’s interior structure, ocean
composition, and potential habitability.

Methods

Data Analysis

We processed DSN radiometric X-band tracking data in continuous spans of time called
“arcs”, using the NASA GSFC GEODYN II software [33]. We did not include data with
X-band for the uplink and Ka-band for the downlink; the Sun-Earth-Probe angles [3]
are such that plasma effects are likely small. We numerically integrate the equations
of motion for both the central body (Enceladus or Titan) and the spacecraft, using
high-fidelity models for the forces. The forces on the spacecraft include the following;:
the central body’s gravity field (and tides, for Titan); third body perturbations by
Saturn, its seven largest moons (Iapetus, Dione, Enceladus or Titan, Mimas, Tethys,
Rhea, and Hyperion), and the solar system bodies (including the Moon and Pluto);
Saturn’s gravity (its zonal harmonics) and its rings [5]; solar radiation and drag (we
include a model of Cassini’s shape in our analysis); and accelerations induced by
the radioisotope thermoelectric generators (RTG). For the RT'G accelerations we use
the model applied to Cassini by earlier analysis, taking into account the half-life of
plutonium [1, 34]. For the central bodies the forces consist of the gravitational forces
of the other bodies. We use rotational elements for Enceladus recommended by the
International Astronomical Union [35]; for Titan we use those from Cassini results [22].
For the positions of the moons and bodies as well as the initial position and velocity
of Cassini we use values from a reconstructed trajectory [36], which are based on JPL
planetary ephemeris DE435 and Saturn satellite ephemeris SAT409.

We model the measurements using highly accurate and state-of-the art models,
including but not limited to effects from the troposphere and ionosphere, and effects
from ocean loading on the DSN sites. All flybys used the High-Gain Antenna except
for T110 which used the Low-Gain Antenna (LGA). We model the positions of each.
We clearly see the signal of antenna motion in T110 if we do not use updated LGA
coordinates [37].

We divide the set of estimated parameters into two groups: local parameters that
only affect measurements in one arc, and global parameters that affect measurements
for all arcs. The local parameters are the following: the state (position and velocity)
at initial epoch for both the spacecraft and central body, a scaling coefficient for solar
radiation pressure, scaling coefficients in the spacecraft frame for the RTG acceler-
ations, and a measurement bias for 3-way Doppler data (different transmitting and
receiving stations) to account for differences in reference frequency at the stations. We
only used 3-way data if they were collected during closest approach; they were then
used in addition to 2-way data, just because this is the most important time-span of
the data collection. We also estimate a drag scaling coefficient for each Titan flyby,
and velocity adjustments at closest approach for two of the three Enceladus flybys to
account for the effects of plumes [20]. The global parameters are the coefficients of a



spherical harmonic expansion of the gravity field, the body’s gravitational parameter
GM, and for Titan its Love number ks.

For the ten flybys dedicated to Titan gravity we processed the data in arcs with an
average length of slightly more than 2 days, excluding spacecraft maneuvers, thruster
firings, or angular momentum desaturation events that could impart residual acceler-
ations on the spacecraft. For Enceladus, there were three flybys dedicated to gravity.
We processed these data in arcs with lengths slightly over one day. For each arc, we
process the data to adjust the local parameters. We compare the modeled measure-
ments with the actual observations (their differences are the residuals) and adjust the
local parameters in a batch least-squares sense [38, 39]. The arc is considered con-
verged when changes in the root-mean-square of the residuals are 1% or less. We then
generate partial derivatives of the measurements with respect to all parameters and
form the normal equation system. The normal equations from all flybys for one body
are then combined, where weights per flyby are determined using variance component
estimation [40] (VCE; see below). We repeat this entire process (estimation of local
and global parameters) several times until the results are deemed to have converged
(see below).

We use 10-second averaged data for the flybys of both bodies. We weighted the data
uniformly at 28 mHz during determination of the local parameters, corresponding to
0.5 mm/s for X-band data. Because we use 10 s data our root-mean-square values for
the fits are generally a little higher than those for earlier analysis [3], where 60 s data
were used. We show an example of data residuals before and after gravity estimation in
Supplementary Figure 1. The closest-approach signal is clearly visible in the residuals
before gravity estimation. After gravity adjustment, the residuals resemble data noise.
If we use 60 s data, the fit improves at a level commensurate with the longer count
interval, as expected. We have no indication that the higher intrinsic noise level of
10 s data affects our results; as mentioned in the main text, thermal noise is deemed
to be minor for Cassini [27]. We selected the shorter count interval to ensure a good
sampling of the gravity field. At Titan (with flyby speeds around 6 km/s with respect
to the moon) this is not an issue due to its large size, but at Enceladus (at flyby speeds
between 6.5 and 7.5 km/s) a degree 2 field may run the risk of being undersampled
when using 60 s data. We show the root-mean-square of data fit in Supplementary
Figure 2. We clearly fit well below the data weight of 28 mHz. If we use the gravity
model from earlier Cassini analysis [3] for our Titan analysis, we obtain similar fits as
with our own model.

We apply constraints during the determination of the local and global parameters,
but mostly they are weak. Generally the parameters adjust at levels well below their
constraint. We leave Cassini’s state (position and velocity) unconstrained. The central
body’s state during the determination of the local parameters is constrained (at 1 mm
and 0.01 mm/s) as we found this generally resulted in better data fits, but we apply
weak constraints when we solve the combined normal equation systems because the
states affect the other parameters: for Enceladus we used 500 m for positions, 10 m/s
for velocities, and for Titan we used 5 km for positions and 100 m/s for velocities. The
results for Enceladus did not change significantly if we used the constraints also used
for Titan’s state. We apply a constraint of 10% to solar radiation pressure coeflicients,



6% to drag coefficients (for Titan; for most flybys drag is not needed and for low-
altitude flybys the drag coefficients have small adjustments on the order of 0.3 x 10~
from their nominal value of 2.4), 1 mm/s for velocity adjustments (Enceladus), 0.001
for the RTG accelerations in xyz directions in the spacecraft frame (for a nominal
value of 1; on average they adjust at 2 or 3 orders of magnitude below the constraint),
and 1 mHz for Doppler 3-way biases. All of these parameters have only very small
adjustments, and they do not influence the gravity solutions. All other parameters,
such as the gravity field, GM, and Love number, are unconstrained.

As stated above, we repeat this process many times, starting with knowledge of only
the GM of the flyby body (8978 km?/s? for Titan and 7.21044 km?/s? for Enceladus;
all other gravity terms are set to zero), initially estimating only a degree and order 2
field, and gradually increasing the number of spherical harmonic coefficients (in the
case of Titan; for Enceladus we included only Js after several iterations). We consider
these global iterations converged when the residuals fit close to noise level (a few mHz)
and do not change significantly between iterations (< 1%). Data fit did not change
much with each increase in expansion (see also Supplementary Figure 5), so regardless
of changes in fit, we decided to run 10 global iterations for each model expansion.
Convergence generally was reached well before that. Supplementary Figure 5 indicates
that for several flybys the fit hardly improved. We noticed that in those cases local
parameters (most notably, Cassini’s initial state) showed large adjustments for the
case with no gravity field knowledge (only GM), and much smaller adjustments after
determination of the gravity field.

When using VCE in our gravity determination, each flyby is a separate statisti-
cal set. VCE determines scale factors on each set with the goal to balance the formal
error statistics with observed statistics (i.e., variations of residuals from cyclically ran-
domizing the statistical sets [40]), and it calibrates the covariance. We show the VCE
factors and resulting effective data weights in Supplementary Table 4. Factors larger
than one mean that the data are up-weighted. Because we fit better than our initial
data weight for all flybys, all flybys are up-weighted, some more than others. Note
that we did not change the data weights in the determination of the local parameters,
but always used 28 mHz. We use only one data type (Doppler), and because of this
the data weight does not affect the values of the local parameters (the weights then
only affect the formal errors of the local parameters for each arc, before combining
them into one larger system).

We determined ko during various expansions of the gravity field model to test the
stability of the parameter estimation. We base our final result on the values obtained
with a series of degree and order 5 fields. We determine our ks value as the uniformly
weighted average of estimated ko values from these global iterations, and the presented
uncertainty is the standard deviation of these values around the mean. The set of ko
values from the degree and order 5 fields were either estimated with the data weighted
uniformly at 28 mHz, or the data weighted with the aforementioned VCE factors. We
note that in general the results from uniformly weighted data produce slightly higher
ko values than those with the VCE factors.

We show Enceladus’ gravity and its associated errors expressed as radial accel-
erations in Supplementary Figure 4, including the ground tracks for the flybys. The
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anomalies that are visible are related to ground track coverage; their location is largely
determined by the resulting Cs 1, S2.1, and Sz 2 coefficients. The sign for J3 results in
a negative anomaly over the south pole of Enceladus. similar to earlier work [20].

Modeling of the tidal effects
The tidal potential U; can be expressed as [21]

G M,
Uy = = 72 Py o(cos 1), (1)

S

where GM; is Saturn’s GM (the disturbing body), r, is the distance to Saturn, r the
distance to the computation point, 1 is the angle between the computation point and
the center of Saturn, and P, o(cos ) is the unnormalized degree 2 Legendre function,

P o(cosp) = % (3cos® ¢ —1). (2)

A general expression for the tidal potential can be obtained by using the addition
theorem for Legendre functions,

1
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2n

where n and m are the degree and order, respectively, (¢’, \") and (¢, A) are coordinate
pairs and v is the angle between them. The function Y;, (¢, A) is defined as

cosmA, m >0

Yn’m(qb, )\) = P”Jm‘ (Sin ¢) { (4)

sin |m|A, m <0

The planet’s response is equal to the Love number times the tidal potential. Appli-
cation of the addition theorem in equation (1) (generalizing to all degrees n instead
of limiting to degree 2) results in expressions for time-varying changes AC,, ,, and
ASn,ma

ACy m — iAS, m =

kn,m GMS ( Rt

n+1
m+1GM, ) P (sin @)e ™% )

Ts
where GM, is Titan’s GM, R, its radius (2575 km), AC,, ,, and AS,, ,, are changes
to the normalized gravity field coefficients, (A, ®5) are the coordinates of Saturn
with respect to Titan in Titan’s body-fixed frame, and k,, ,,, are Love numbers, now
per degree and order. The ratio of radii relates to the attenuation with distance.
These coordinates, together with rs which describes the distance between Saturn and
Titan, vary with time and hence this results in time-varying coefficients. This is the
general expression as used by the International Earth Rotation and Reference Systems
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Service [29, 30] (IERS). For spherically symmetric planets, there is no dependency on
order, and the Love number per degree is simply k,,.

Instead of using changes in the degree 2 gravity coefficients (limiting ourselves now
to only degree 2), a direct expression of the tidal potential can also be used,

R GM ]

3 .3
2 rgor

Ut

(3(F. 1) - 1), (6)

where ¥, is the unit vector between the centers of Titan and Saturn, and r is the
unit vector from Titan’s center to the position where the potential is calculated. This
expression can be obtained from eq. (1) through the definition of the in-product and the
angle between 2 vectors. Both expressions are equivalent, and both implementations
are possible with our analysis software. We obtain the same ko from them.

The tidal potential can be expressed differently when certain assumptions about
Titan’s orbit are made. Titan’s orbit has a small inclination and eccentricity. Under
these assumptions, the potential can be expressed in terms of Titan’s eccentricity e
and mean anomaly M, and it follows readily that eq. (5) includes a static and periodic
part [12]. This results in expressions for changes in the degree 2 coefficients Cs g, Ca 2,
and 5272,

ACy = ACS‘;SHC + %kg q: ecos M, (7)
ACy 9 = AC’STS“C — ikﬁz q: ecos M, (8)
ASy o = AS3EYC — ékg ¢ esin M, (9)
where ¢; is defined as ;
w=-3gr (%) . (10)

with a the (constant) semi-major axis of Titan’s orbit. In this case the coefficients are
unnormalized. Such expressions are convenient because they allow for the separation of
the static and periodic effects: one can estimate ks from only the periodic contributions
to the degree 2 terms, and this is how it was done in previous analyses [3, 6]. It should
then also be made clear that the contribution of the permanent tide is accounted for
in the static gravity field coeflicients (J2, Ca2, and Sa2). Such coefficients are called
“zero tide” [30]. If the contribution of the permanent tide is not included, the degree
2 coefficients are called “conventional tide free” [30].

From eq. (5) it is not readily clear that there is a permanent tide contribution. It
is only explicit for ACYQ7() because 132’0 has a constant term (eq. 2). But using Taylor
expansions for small angles ®; and Ag, it will be clear that there are also constant
terms for the order 2 coefficients ACYQ’Q and ASQ}Q.

Separating the permanent and periodic contributions and using only the periodic
terms to estimate ko results in lower correlations between ko and the degree 2 gravity
terms. With the permanent contribution included the correlation between C_YQ’O and ko
is 0.96 and that between 6'2,2 and ko is -0.99; they are lowered to 0.36 and 0.13 when
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the permanent contribution is removed. Our analysis shows it also results in lower
formal errors but without changing the estimated value itself. Without ko estimation,
our solution also resulted in a lower error at degree 2 (see Figure 2). Our analysis
mostly used eq. (6) to account for the tides. From this expression it is not readily
clear that there is a constant for certain degree 2 terms; there is a constant term in
the potential but it still depends on r; which varies with time. The same assumptions
about Titan’s orbit could be made to isolate a constant contribution to the tidal
potential of eq. (6), but we used the expression as is. Our formal error at degree 2 is
thus higher (Figure 2) but this did not affect the value of the estimated coefficients.

While some assumptions are made to obtain the expressions in eqs. (7) — (9), these
assumptions are very reasonable. Differences in time-variations of the degree 2 terms
between the two sets of expressions (eq. 5 and egs. 7 —9) are small (see Supplementary
Figure 6). We note that the simplified potential does not have time variations for the
degree 2, order 1 terms, whereas those from eq. (5) have. They are however much
smaller than those for the other terms (see Supplementary Figure 7).

Estimation of k-

The general linearized observation equation that relates changes in data residuals Ap
to changes in parameters Ap is given as

Ap = A Ap, (11)

where A is the partial derivative matrix that relates the two. Partial derivatives are
obtained through the numerical integration of the variational equations [38, 39].

The Love number ko is estimated from tracking data through its effect on the
gravity field of the central body. As explained above, the tides raise a potential and
thus a force; this potential can be expressed directly as in eq. (6), or it can be related
to time variations in the degree 2 gravity coefficients as in eq. (5).

When using the time-variable effect of k5 on the degree 2 terms, c.f. eq. (5), the gen-
eration of the ko partials requires chaining the effects of degree 2 coefficients (denoted
Vn,m to indicate both C,, ,,, and S, ,, coeflicients, where m < 0 denotes the S,, ,,, terms
and m > 0 denotes the C,, ,, terms) with partials of those coefficients with respect to
k2. Such partials Ovy, ., /Ok2 can be obtained, either from eq. (5) for the general case,
or from eqs. (7) — (9) for the approximated case.

In previous work [6] the partials of measurements with respect to ko are expressed
through their effects on the degree 2 coefficients as follows,

dp = dp Ovom
il . 12
8k2 Z |:al/2,m 8k2 :| ( )

m=—2

The partials 9p/0Ovs ., are obtained as output from the orbit determination (and thus,
after numerical integration of the variational equations), and they are then multiplied
afterwards with the respective ko partials, evaluated at the time of the observation,
to obtain the total partial for ko. However, the partials Ovs ,,, /Oks are time-dependent
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but in this way this time-dependence is not accounted for in the integration of the
variational equations.

The variational equations for estimating model parameters p are obtained from
the equations of motion that relate the spacecraft state x (both position and velocity),
the parameters, and forces f acting on the spacecraft through

9 x=1(t,%p) = %(1, % p) (13)

The variational equations can then be derived as

dox 0%x0x 0%
dox _0xdx 0% (14)
dtdp 0Ox0p Op

For clarity, using only ke for p, this would read

dox _ 0% Ox + 9% (15)
dt 8k2 B 8X 8k2 8/452 '
The partial 0%/9ks is obtained by chaining it with dvz ,, /Oks. To illustrate, if we limit
ourselves to the effect of k3 on Cs 2 (to avoid summation over all five degree 2 terms),
this partial has to be chained in the following way:
ook 90 "
Oky  0C32 Ok

Here, normalized coefficients are used because the coefficients in the processing
software are normalized. For the variational equation this results in

dox 0% 0x = 0% 00k
dt 8k2 o 8x akg 802,2 8k2 '

(17)

The partial C35/0ks varies with time and thus has to be accounted for directly
during the numerical integration of the variational equations. When using eq. (12) this
is not the case. Only dp/0vs , is obtained through the variational equations.

This results in different partials. We show the difference between ko partials
obtained through the variational equations and those without (i.e., following eq. 12) in
Supplementary Figure 8 for flyby T022. We call the latter partials “non-variational”,
with the understanding that the partial 0p/0v,, , in fact is a result obtained through
the variational equations; it is just that it is then multiplied with the dv,, ,,/0ks par-
tial. For this example, we used the formulation from eq. (5) in order to make sure we
have the same Ov;, ,,/Oks values (this thus excludes the factor of 2 error in the Ss
term; see discussion below). It is clear that these ko partials are different, especially
after the closest approach. This thus has an effect on the estimation of k3 because the
partials in the matrix A in eq. (11) will be different.

We can test if indeed changes in ko predict changes in data residuals by using eq.
(11). We propagate an orbit for a span of time, using a value k§. We compute tracking
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data residuals for this value. We then perturb k% into k§ = k$ + Ak, and compute new
residuals. We then use eq. (11) to test the partial. If all is correct, then the difference
in residuals should be matched by the partial times the change in ks.

We show residual changes and predicted changes in Supplementary Figure 9.
Instead of using a Cassini flyby, we used an example from the processing of Gravity
Recovery and Interior Laboratory (GRAIL) inter-satellite Ka-band range-rate data,
simply because a satellite in orbit around a body is more sensitive to tidal effects. The
principle as well as the result is the same however as if we were to use Cassini data:
small changes in parameters should result in changes in residuals as predicted by the
partials in the linear regime. We perturbed ks by 0.02 for a nominal value of 0.024,
which is a relatively large change. Supplementary Figure 9 shows that the changes in
residuals match when the partials are computed with the variational partials (showing
that the linearization holds despite the relatively large change in k3), but the differ-
ences are large when they are computed with the non-variational partials. This clearly
shows that the non-variational partials do not satisfy the basic observation equation,
eq. (11).

In addition, to illustrate how this affects the analysis of Cassini data, we show the
difference in predicted residuals between those from the variational partials and those
from the non-variational partials for flyby T022 in Supplementary Figure 10. For this
case we used a Akg of 0.25. This shows that the difference in partials as shown in
Supplementary Figure 8 results in residual differences that increase after the closest
approach. This indicates the extent to which the observation equation, eq. (11), is not
satisfied with the non-variational partials.

Finally, we investigated the effect on the estimation of ks. We only focused on a
case where initially ko = 0, and we did not iterate this. We selected the case ks = 0 to
avoid differences in the tidal model which would lead to differences in the orbits and
partials. The results from this test will therefore be different from our final solution
of k9. Here we only want to demonstrate the influence of different partials on the
estimation of ko. We thus make sure that the base ingredients for the tests that follow
hereafter are the same for each case.

We generated partial derivatives for the entire Cassini data set from our standard
processing. We then use either the direct partials, or we replace them with partials
computed from eq. (12). For the latter, we can either use the IERS expressions or the
approximated expressions[12] to compute Ova ,, /Oka. We also note that in the earlier
results for Titan [6], there is a mistake in the expression for S3 2. The periodic term
for Sz has a factor of 1/6 where it should be 1/3, see eq. (9) [12]. We will also test
the effect of this. Related to this, we generated partials from our standard processing
but without the constant contributions to the degree 2 terms (while still using the
fully variational approach). With this we corrupt the Ss o contribution with a factor
of a half to test this effect. We show results for ko for various cases in Supplementary
Table 2.

The results indicate a large influence of the choice of partials: not using the full
variational approach but with the same IERS expressions from eq. (5), listed as the
case ‘non-variational partial; IERS”, already changes the ko value. Results with the
non-variational partials are in general higher than the result with the variational
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partial. The range of the ko values that we obtain is however within the error bars
of our own estimate. Yet when we include the mistake in the S; o partial, the value
for ko further increases and is much closer to that reported before [3, 6]. Thus, we
can replicate the earlier results by using the approximated tidal potential together
with the mismatch in the S o term and the non-variational partials. Leaving out the
permanent contributions to the degree 2 terms does not significantly affect the ko value
when using the variational partials. The error in the S o term does increase the ko
value but not as much as when the non-variational partials are used. While the partial
differences in Supplementary Figure 8 and the residual differences in Supplementary
Figure 10 may seem small, this inversion test shows that there is a strong effect on
the estimation of ks.

The fact that the S 5 partial has such a big influence is somewhat surprising, as
it is expected that the estimation of kg is mostly driven by Cs ¢ and Cs o variations.
As mentioned above, if we corrupt the Sy o contribution with a factor of 2 in our own
processing using the fully variational partials, we do not see such a large increase in
the estimated ko value. However, when correcting for the permanent contributions
to ko by the degree 2 terms, the size of the time-varying S o coefficient becomes
comparable to the contribution of C5 ¢ and C 2. This means that the Sy 2 term has
a larger effect than when the permanent contribution to ko is not separated. This
explains the relatively large contribution of the S35 term in the previous analysis.

The degree 2, order 1 terms which are assumed to be zero in the approximated
approach [12] indeed do not contribute much to the estimation of ko, which we tested
by excluding them.

Interior Modeling

We model the interior of Enceladus and Titan using homogeneous layers. For Ence-
ladus we assume a three layer model with a core, ocean, and crust. We acknowledge
that variations in Enceladus’ ice shell thickness can have an influence [41], but we
are not considering Enceladus’ tidal response in this work. We fix the density of the
ocean and crust because we only have the moment of inertia factor to constrain the
radial density profile, and the density contrast between ocean and icy crust is proba-
bly difficult to resolve from the constraints. The ocean density is set to 1020 kg/m?
and that of the (icy) crust to 925 kg/m3; this is in the range that we use for Titan
(see below) and follows earlier work [17]. The core density is then computed to match
the bulk density of 1611 kg/m?® which is obtained from Enceladus’ GM (see Supple-
mentary Table 1) and its radius of 252 km. For a three layer model, the core density
pe depends then on the core radius and ocean thickness following

3 3 3 3 3
pbu]kRe — Pocean (Tocean - Tcore) — Pice (Re - Tocean)

3
TCore

Pcore =

; (18)

where R, is Enceladus’ radius, ppuk the bulk density, and the other densities and radii
refer to the other layers.
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We use a Markov Chain Monte Carlo analysis, using the open source “emcee”
software [32], to explore Enceladus’ structure by varying core radius and ocean thick-
ness to match the bulk density (with a 2% error) and polar moment of inertia factor
(C/(MR?) = 0.345 £ 0.01). We assume an ocean thickness of at least 5 km and also
ensure that the icy crust is at least 10 km thick. We can include more parameters to
vary but this does not change the fact that the solutions are mostly only sensitive to
core radius and density. We ran 100,000 models using 40 chains. We find we can only
resolve the core parameters. We show histograms for the core radius and core density
in Supplementary Figure 13. We find a core radius of 201 + 12 km and a density of
2202 + 242 kg/m? from the modes of the distributions. This is a slightly larger core
with a lower density than earlier analysis [42] but still consistent considering the errors
that we obtain.

We model Titan’s structure in much the same way with 4 layers: a core, high-
pressure ice, ocean, and a crust. We vary core radius and density, ocean thickness
and density, the viscosity of the high-pressure ice and crust, and the core’s unrelaxed
rigidity. Because we include Titan’s k5 as a measurement, we have to include rigidities,
viscosities, and bulk moduli as well. We use values from earlier work [17] for the fixed
parameters. We fix the density of the high-pressure ice to 1340 kg/m?® and that of
the icy crust to 925 kg/m? following earlier work [14, 17]. We also set the thickness
of the high-pressure ice to 150 km, following earlier work [14] and considering lack
of sensitivity. Our results do not change significantly if we vary the thickness of this
layer. To compute Titan’s Love number, we fix the bulk moduli for all layers: 200 GPa
for the core, 20 GPa for the high-pressure ice, 2.5 GPa for the ocean, and 10 GPa for
the icy crust [17]. We fix unrelaxed rigidities (shear moduli) for all but the core: 10
GPa for the high-pressure ice, 0 for the ocean, and 3 GPa for the icy crust [17]. A
recent analysis [31] found different shear and bulk moduli for the core than an earlier
analysis [17]. We find that changing these parameters has only a very small effect on
ko, which was also found by the earlier analysis. We used a Maxwell rheology for Titan
but find that we obtain the same results with an Andrade rheology.

We list the values, and ranges for those parameters that are varied in Supplemen-
tary Table 3. For Titan we assume an ocean thickness of at least 50 km, and an icy
crust thickness of also at least 50 km. Density inversions are not allowed, thus the
ocean density will always be between 925 and 1340 kg/m? (we do not limit it to be at
least 1000 kg/m3 but this does not affect the results). For this Markov Chain Monte
Carlo analysis we compute 500,000 models with 40 chains to match the bulk density
(with again a 2% error), the moment of inertia (C/(M R?) = 0.348 4+ 0.03), and the
Love number (k; = 0.375 £ 0.06).

We model Titan’s tidal response using the open source software TidalPy [43]. We
use a Maxwell rheology. When we use an Andrade rheology, we use parameter values
a = 0.3 and ¢ = 1.0. We did not explore variations of these parameters.

Data availability

Cassini radio tracking data and ancillary information can be found at the
Planetary Data System’s Atmospheres node (https://pds-atmospheres.nmsu.edu/
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data_and_services/atmospheres_data/Cassini/inst-rss.html). Results from our analy-
sis such as the gravity field models and output from our MCMC modeling can
be found at https://pgda.gsfc.nasa.gov/products/91 or through https://doi.org/10.
60903/ gsfcpgda-titank?2.

Code availability

We used the TidalPy [43] open source software for the analysis of Titan’s Love
number (https://zenodo.org/record/7017560), and the ”emcee” open source soft-
ware [32] for our Markov Chain Monte Carlo analysis (https://emcee.readthedocs.
io/en/stable/). We also used the PlanetProfile software [44] (https://github.com/
vancesteven/PlanetProfile) to compute self-consistent interior models for Titan used
in our modeling. The input data for the MCMC analysis are the results presented
in this work; additional input parameters for TidalPy are discussed in the text and
listed in Supplementary Table 3. We also used the Python package “corner” [45]
for the distribution plot in the Supporting Materials. We cannot provide the soft-
ware used for the analysis of Cassini tracking data, but the methods have long been
established and are described in detail in the methods section. All figures (apart
from the distribution plot, Supplementary Figure 12) were drawn with the free GMT
software [46] (https://www.generic-mapping-tools.org/).
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Fig. 1 Titan’s gravity expressed as radial accelerations. The ground tracks of the flybys used in the
determination of the gravity field model are indicated in black for altitudes less than 9,000 km. We
set the coefficients C3 o and C2,2 to zero for this map.
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Fig. 2 Root-mean-square (RMS) power for Titan’s gravity from our solution and the one from
Durante et al. (2019) [3]. For this figure the coefficients were normalized following standard geodesy
conventions [47]. The dashed lines indicate the RMS power for the formal errors.
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Fig. 3 Properties of Titan’s core. A posteriori distributions (including the central value + 1 standard
deviation) of the core radius (A) and core density (B) for Titan as the results from our Markov Chain
Monte Carlo analysis to match the moment of inertia, bulk density and Love number. We evaluated
500,000 models with 40 chains.
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Fig. 4 Ocean density versus Love number ko for Titan. The results are displayed as a heat map
using the counts from our Markov Chain Monte Carlo analysis.
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