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Strong tidal dissipation in lo and Jupiter from

astrometric observations

Valéry Lainey', Jean-Eudes Arlot!, Ozgiir Karatekin® & Tim Van Hoolst?

Io is the volcanically most active body in the Solar System and has
a large surface heat flux'~. The geological activity is thought to be
the result of tides raised by Jupiter®, but it is not known whether
the current tidal heat production is sufficiently high to generate
the observed surface heat flow™. 10’s tidal heat comes from the
orbital energy of the Io—Jupiter system (resulting in orbital accel-
eration), whereas dissipation of energy in Jupiter causes Io’s
orbital motion to decelerate. Here we report a determination of
the tidal dissipation in Io and Jupiter through its effect on the
orbital motions of the Galilean moons. Our results show that the
rate of internal energy dissipation in Io (k,/Q=0.015 = 0.003,
where k, is the Love number and Q is the quality factor) is in
good agreement with the observed surface heat flow>*, and suggest
that Io is close to thermal equilibrium. Dissipation in Jupiter
(kp/Q=(1.102 = 0.203) X 107°) is close to the upper bound of
its average value expected from the long-term evolution of the
system’, and dissipation in extrasolar planets may be higher than
presently assumed®. The measured secular accelerations indicate
that Io is evolving inwards, towards Jupiter, and that the
three innermost Galilean moons (Io, Europa and Ganymede) are
evolving out of the exact Laplace resonance.

The orbital evolution of the Galilean system due to tidal dissipa-
tion can be determined from astrometrically observed positions of
the Galilean satellites over an extended period of time”'® by using an
accurate model of the orbital motion. Most orbital models are based
on elaborate analytical methods and include the complex dynamics
induced by the interactions of the Galilean moons. In particular,
because the three innermost Galilean moons are in the Laplace res-
onance characterized by the relation

Ly —3L,+2L:=n

where L;, L, and L; denote the mean longitudes of Io, Europa and
Ganymede, respectively, changes in orbital energy and angular momen-
tum are distributed between the three moons. Unfortunately, some
long-period terms are lacking in such models, which explains why
previous studies show large and widely different, even contradictory,
results (see Table 1 and Supplementary Information for details). Here
we use a method that numerically integrates the full equations of
motion (Supplementary Information) for the satellite centres of mass
instead of using an approximate analytical solution. Moreover, the tidal
effects are directly included in the orbital model through the appear-
ance of the Love number, k,, and the quality factor, Q, in the com-
bination k,/Q for Io and Jupiter. The orbital effects due to the
dissipation in the Galilean satellites other than Io are neglected, but
we take into account the tidal bulges raised by each moon on Jupiter
using a constant Jupiter quality factor (Supplementary Information).
An extensive set of astrometric observations starting in 1891 and
ending in 2007 has been considered in the fitting process. A long,

detailed set of observations such as this is necessary to reveal the long-
term effects of dissipation on the orbits. We use a weighted least-
squares inversion procedure and minimize the differences between
the observed and computed positions of the satellites to determine
the parameters of the model, in particular the respective dissipation
ratios, k/Q, of Io and Jupiter. Our solution for the tidal dissipation
yields k,/Q=0.015=*0.003 (formal error bar, 1l¢) for Io and
k/Q=(1.102 = 0.203) X 10> for Jupiter. The Io-Jupiter inter-
action dominates the orbital evolution and is responsible for a large
correlation coefficient of 0.983 between the dissipation ratios of Io
and Jupiter. The almost 2% difference with respect to unity is due to
the evolution of the Laplace resonance and is sufficient to separate the
dissipation in Io from that in Jupiter (see Supplementary
Information for a complete analysis of this correlation).

The dissipation values correspond to orbital acceleration values,
ii/n (a dot denoting differentiation with respect to time), of
(0.14+0.01) X 10" yr~',  —(0.43%0.10) X 10" ®yr~"  and
—(1.57 £0.27) X IO_IOyr_1 (formal error bars, 10) for lo, Europa
and Ganymede, respectively. These accelerations represent a shift in
the satellite orbital positions of respectively 55km, —125km and
—365km over the 116 years considered. Surprisingly, the most
external moon Ganymede shows the largest drift, as a consequence
of the Laplace resonance. The 1o post-fit astrometric residuals range
essentially between 0.02 and 0.15 arcsec (Fig. 1, Supplementary Table
2 and Supplementary Table 3), which corresponds to 60 to 450 km at
the distance of Jupiter. Owing to the long time span considered, such
accuracy is enough to allow the tidal accelerations to be discerned
from the observations.

Table 1| A selection of secular mean-motion accelerations published for
the three inner Galilean moons

Ref. Secular mean-motion acceleration (h/n) (10 *° yr’l)

lo Europa Ganymede
9 +33*05 +2.7+0.7 +15%06
10 —0.074 = 0.087 —0.082 =0.097 —0.098 =0.153
24 +4.54 +0.95 +56+57 +28=*20
25 +2.27 +0.70 —0.67 =0.80 +1.06 =1.00
26 +3.6*10 — —
This paper +0.14 +0.01 —0.43+0.10 —1.57+0.27

Refs 9, 24 used a simple orbital model, whereas refs 10, 25, 26 used the much more accurate
Sampson-Lieske theory. Nevertheless, this orbital model has internal errors on the order of a
few hundred kilometres (Supplementary Information), explaining the lack of agreement
between all acceleration values. In particular, most of the tidal acceleration values found (see
also Supplementary Table 1) are quite large except for those of ref. 10, in which data from over a
very long time span (old eclipses) were used, partly averaging the missing long-period terms.
Because our dynamical model fits the k,/Q ratios, our solution uncertainties in n have been
derived for each satellite from the comparison of the two simulations that produced the
minimum and maximum values of k,/Q, respectively. As the k,/Q ratios of lo and Jupiter are
highly correlated, we could assume the minimum bound for lo's ratio when introducing the
minimum bound of Jupiter’s ratio, and vice versa.

"IMCCE-Observatoire de Paris, UMR 8028 du CNRS, 77 Avenue Denfert-Rochereau, 75014 Paris, France. “Royal Observatory of Belgium, Avenue Circulaire 3, Uccle, 1180 Bruxelles,

Belgium.

957

©2009 Macmillan Publishers Limited. All rights reserved


www.nature.com/doifinder/10.1038/nature08108
www.nature.com/nature
www.nature.com/nature

LETTERS

0.6 T T T T T '

1
o
~

T

.

|
o

6 1 1
1880 1940 1960

T T T T T T

b

o
o

Astrometric residual (arcsec)

©
=
T
e

N
A
Lo RN e )
L

-0.2 ; ]

1985 1990 1995 2000

Year

1970 1975 1980 2005

Figure 1| Astrometric residuals. Residuals between the astrometric
observations and our numerical model, after fitting the initial state vectors of
each moon and the k,/Q ratios of Jupiter and Io. We used an extensive set of
astrometric observations that started in 1891, with heliometer
measurements and the first photographic plates, and continued until 2007,
with the most recent observations from the FASTT survey?”. b, Observations
of the mutual events (occultation or eclipse of one satellite by another
occurring every six years) from 1973 to 2003 (Supplementary Information;
boxed region in a). The global 10 accuracy is better than 0.1 arcsec
(Supplementary Tables 2 and 3) at the Jovian distance (1 arcsec corresponds
to about 3,000 km). The observations of mutual events, known to be among
the most accurate observations, have a 16 accuracy of about 0.025 arcsec and
provide the best constraint of the satellite orbits for the past decades.
Moreover, instead of considering the position of each satellite as given on the
celestial sphere (that is, in arcseconds), we have considered only the relative
positions of the observed satellites in the fitting process. For example, for the
declination coordinate J; we did not fit 5,24 — 5, computed bt instead the
quantity [((Si/ér)observed _ (5i/6r)computedlércomputed’ where §' = Zj\il 5]2
and N is the number of Galilean moons present in an observation. This
allowed us to remove systematic errors in the scale factor introduced by the
observers during the astrometric calibration of their observations.

The global energy dissipation, E, in To can be determined from

k»/Q=0.015 = 0.003 using'’

o kR,
2Q G

where R is the radius of Io, G the gravitational constant and e the
orbital eccentricity. We obtain E = (9.33 + 1.87) X 10> W. If energy
were transported out of To at the same rate, the associated surface heat
flux would be 2.24 = 0.45 W m ™2, which is similar to the observed
surface heat flux (Fig. 2). This suggests that Io’s interior is close to
thermal equilibrium and that Io’s internal heat is not the remnant of a
past highly dissipative orbital configuration'*">.

Theoretical studies have not been able to reproduce in a consistent
equilibrium model both the tidal energy dissipation and the trans-
port of this internally generated energy to the surface by mantle
convection at the observed high surface heat flux'>'®. It has been
argued that mantle viscosities cannot be chosen to satisfy both
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Figure 2 | Comparison of lo's thermal emission with the global dissipation
determined in the present study. Io’s intensive volcanic activity is
associated with a large surface heat flow. The value determined by the
present study (2.24 = 0.45 W m "~ %, shown by the horizontal lines) is in good
agreement with the results of the remote observations'*>**~? of Io’s thermal
emission (the stated error bars mostly indicate ranges for the solutions
rather than the standard deviations), suggesting that Io is close to thermal
equilibrium. The average surface heat flow of Io is much larger than that of
the Earth®® (0.09 W m ™ %) and could be comparable to the high surface heat
flow of the early Earth.

constraints: viscosities needed to generate the observed tidal dissipa-
tion (on the order of 10'°~10"° Pas; ref. 11) are too high to transport
the produced heat to the surface by convection'®. If Io is in thermal
equilibrium as suggested here, a more efficient heat transport mech-
anism with a different viscosity dependence on temperature is
required. The magma migration in Io’s partially molten interior
indicated by high eruption temperatures (larger than 1,300K)" is a
possible mechanism'®.

Plausible ranges for the quality factor of Io can be studied from the
measured ratios k,/Q by using limit values of the Love number. An
upper limit of Q = 82 is found by considering lo as a body without
strength, that is, by replacing the tidal Love number (k) by the fluid
Love number, k' = 1.23 (ref. 19). A much smaller quality factor is
obtained for more realistic models in which Io is composed of a
metallic core, a viscoelastic silicate mantle and an elastic lithosphere,
depending on the viscosity and shear modulus of the mantle'’. A
typical model with a core radius of 700km, a core density of
6,944 kgm >, a mantle density of 3,375kgm > and a 40-km-thick
lithosphere with a density of 2,600 kgm ™, in agreement with the
observations made by NASA’s Galileo spacecraft', yields k, = 0.04
and Q=3 for a mantle rigidity of 50GPa and viscosity of
4.1 X 10" Pas. However, if a low-viscosity asthenosphere exists in
Io, the tidal Love number would increase to 0.7-0.8, resulting in a
larger quality factor, of ~50.

The dissipation in Jupiter (at the induced frequency of Io’s tidal
excitation) is determined to be Q = (3.56 = 0.66) X 10* for the con-
ventional value k, = 0.379 (ref. 20). This dissipation value is close to
the lower limit over the age of the Solar System, Q = 6 X 10%, deter-
mined from the expansion of the orbits’, implying important dis-
sipation in Jupiter. Estimates from numerical dissipation models of
Jupiter suggest that Q undergoes large fluctuations as a function of
tidal frequency”"** and that the observed dissipation may be different
from its long-term average (Supplementary Information).

Our results show that the mean motion of o increases whereas
those of Europa and Ganymede decrease. Therefore, Io moves
inwards, towards Jupiter, and loses more orbital energy by dissipa-
tion of solid-body tides raised by Jupiter and by the Laplace res-
onance interaction than it gains from the exchange of angular
momentum with Jupiter’s rotational energy through tidal dissipation
in Jupiter. The evolution of the Laplace resonance can be expressed in
terms of the rate of change of the satellite mean motions, 7, 71, and
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f13, where the subscripts correspond to Io, Europa and Ganymede,
respectively”'>*. We have

D=1y — 20y =1y — 2113

The system is in stable equilibrium for v = 0, which requires a balance
between the dissipation rates in Jupiter and Io. With our rates of change
of the mean motions, we have » = (0.74 = 0.24) X 10_7radyr_2,
suggesting that the satellites are evolving away from exact resonance.
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