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The Galilean satellites, four major Jovian satellites, have distinctively different
surfaces, implying their diverse histories. The exploration of the Galilean
satellites by the Galileo mission provided data required to infer their current
interior structures, which are important clues to understand their evolution.
Based on such data, our understanding of the interior evolution of the Galilean
satellites has been progressed. In this presentation, we briefly summarize what
kinds of data are particularly important to estimate the current interior structure
of a satellite and what we know today about the interior evolution of icy Galilean
satellites. We also discuss what kinds of future studies are needed to advance our

understanding of the interior evolution of Galilean satellites.
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Evolution of the Interior Structure

lo Europa

+ Questions
1. How do we estimate the current interior structures
and their evolutions?
« Observation: Current state = the boundary condition
+ Theory: Physics that governs evolution

Galilean satellites (scaled)
2. What do we know now about the evolutions of the

interior structures?

+ Geology, ocean, and magnetic field history of each
satellite

+ Co-evolution of satellites

3. What should we do next for a better understanding
of this subject?

1. Gravity field

V(r, ¢, 1) = g i i (2)" (Cpm cosmA + Sy, sSinmA) Py (sin @)

n=0m=0 . V:Potential ~ G: Grav. Const.
« Degree 0: Mass (mean density) r:Radial dist.  M: Mass
¢: Latitude n: Degree
. Degree 2 A: Longitude  m: Order Toward the
. R: Radius P, Legendre Polynom. i
« ], (= =Cy): Polar flattening o %8 s primary
. . Moment of inertia
» (,,: Equatorial flattening

2. Magnetic field
« Dipolarfield: Intrinsic (dynamo)
« Reduction of surrounding field: Induction

Magnetic field
around Ganymede
[Kivelson et al., 1996]
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Ganymede Callisto
.
Observation (2/2): Results
lo Europa Ganymede Callisto
Imaging Radius (km) 1821.6+0.5 1560.7%0.3 2631.2%+1.7 24103%15
Shape Hydrostatic Hydrostatic Probably Probably
Gravity field Mean density (kg/m?3) 3527.5%2.9 2989*4.6 1942148 1834.41+3.4
J2/C22 ratio Measured Assumed Assumed Assumed
Moment of inertia 0.37824 0.346 0.3115 0.3549*
Magnetic field Intrinsic No No Yes No
Induced Yes Yes Yes Yes
Plume No Yes No No
IR (mid-far) Heat output (TW) ~100 ? ? ?
Orbit Period (days) 1.769 3.551 7.155 16.689
Semimajor axis (km) 4.216x 10° 6.709 x 10° 1.070 x 10% 1.883x 10°

+ Satellites are embedded in a strong, time-varying magnetic field

+ (Electromagnetically) conductive layer, such a salty subsurface
ocean, generates induced magnetic field
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Eccentricity 0.0041 0.0101 0.0006 0.007

* May be overestimated by ~10% [Gao & Stevenson, 2013]

[Anderson et al., 2001; Sohl et al., 2002; Tobie et al., 2003; Veeder et al., 2004; Schubert et al., 2004; Nimmo et al., 2007; Khurana et al., 2011;
Roth et al., 2014; Jia et al., 2018; Arnold et al., 2019]




2019/3/25

p: Density

G

Inferred Current Interior Structure
Call

lo

t:time

T: Temperature g: Grav. acceleration

Physics of Evolution (1/3): Cooling vs. Heating

r: Radial dist.
k: Conductivity Q,: Eruption rate

AT: Temperature drop
L: Latent heat

. Heat balance equation [e.g., Hussmann & Spohn, 2004; Melosh, 2011; Kamata, 2018]

1. Conduction

+ Cooling (heat transportation)
1. Gcona (= —k - dT /dr) : Conductive heat flux

« Least effective, but is dominant near the surface

2. Geonv(@(T), D, g, ) : Convective heat flux
« More effective, but the layer needs to be less viscous
« Thick shell is more convective
3. Quoi(AT, L, Q,, -+ ) : Heat removed due to volcanism

« Important only on lo

dr(r) 1d
CT =- (r_zg(qcond + Geonv) + Qvol + ) + (Hraq + Hyige + )
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Ice shell No Yes Yes Yes
Subsurface ocean No
High-pressure ice No No
Silicate mantle/core Yes Yes
Metalliciron core Yes Yes Unlikely?
Other feature Global magma ocean Plume activity Active dynamo Ice-rock mixture?
Radiogenic heat (TW) 0.447 0.230 0.502 0.342
[Sohl et al., 2002; Tobie et al., 2003; Schubert et al., 2004; Kuskov & Kronrod, 2005; Khurana et al., 2011; Hussmann et al., 2015]

C: Specific heat
e: Eccentricity

Physics of Evolution (2/3): Cooling vs. Heating
e
Crmerne Tt

L4 Heat balance equation [e.g., Hussmann & Spohn, 2004; Melosh, 2011; Kamata, 2018]
dr(r) 1d
C% == (ﬁ;(qcond + Geonv) + Quol + ) + (Hrad + Hiide + ) 1~ Radial dist.
C;: Init. concentration quality factor
Q;: Heat prod. rate
« Heating (long-term heat produciton) Radioactive decay of UO,
= -

1. Hrag (= XizuThk CiQiexp(—t/7;)) : Radiogenic heating
» Depends on the mass of rocky mantle/core
2. Hyge(m(T),e(t), w(t), ) : Tidal heating
+ Depends on the interior structure (n(T (7, t)))
« Depends on orbital properties (e, w)

Physics of Evolution (3/3): Phase Change

Tidal heat

Ice shell

1. Heat flux balance at the base of the ice
[e.g., Hussmann & Spohn, 2004]

p: Density
L: Latent heat
D: Layer thickness

t:time

dp _
° piceLE = qdout ~ qin
* Qout: Outgoing heat flux to above

Tidal heat

Ocean

« Heat transfer in the ice shell

[Kargel, 1992]

* gin: Incoming heat flux from below
Heat from the core and ocean

2. Chemical composition of the ocean

™

« Ammonia and/or salts x
o
« Depresses melting point (“antifreeze”) 2 o
S Liquid
g +
& er Ice

+ Concentrations increases with freezing
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de
P C; (QPrimary: w) 62(1 -G (QPrimary' Qsatellite) * 62)
« Depends on the interior structure

- Thermal-orbital coupled evolution

Ammonia concentration [wt%]




Current Knowledge (1/4): Geologic Evolution

« Europa: Currently active
« Small number of impact craters
« Plate tectonics: Spreading and subducting
« Tide-related fractures: Thin ice shell over an ocean

« Ganymede: Previously active
« Diversity in crater density: Dark vs. bright terrains

(Top) Europa, ~12N 268W, ~80 km width (NASA/JPL/ASU).

« Faults and bands: Global expansion (Bottom) Callisto, ~27N 142W, ~80 km width (NASA/JPL).

« Tidal heatingin the past

« Callisto: Inactive
« Crater-dominated surface
« Sublimation and deposition (insolation)

2019/3/25

Current Knowledge (2/4): Ocean Maintenance

Temperature (K)

[Tobie etal.,2003]

- Europa: Plausible (>~100 km thick)
« Tidal heating is sufficient [e.g., Hussmann et al., 2002]
« Ice shell heating reduces heat flux from the ocean

2 (km)

Solid: With tidal heating

. N . X (km)
Dashed: Without tidal heating
I~

Bottom heat flux (mW/m?)

+ Ganymede & Callisto: Difficult ‘ N
« Tidal heating is currently negligible (e, showman &Malhotra, 1997] > ¢

« Ice shellis thick and thus convective (eg, Barretal,, 2004]
« Solutions

mm

ol — 200H
1. Strong heating in the past [e.g, Showman & Malhotra, 1997] £ i .
2. Antif T 5§ o Tidal heating due to
. Antifreeze materials [e.g. Kargel, 1998] g aresonance passage -

3. Highly viscous ice (large grain size?) [e.g, Bland etal., 2009] % s ji_—@

£ =

g 800

1000/
[Bland etal, 2009]  ° ! 2 o)’ ¢ °

Current Knowledge (3/4): Dynamo on Ganymede

sulfur content temperature

« Dynamo requires convection in a metallic core
« Compositional convection is important [Haucketal, 2006]

« Snow of Fe falls and melts at depth, rather than
the inner core growth from the bottom

« Noinner core at present? [Riickriemen et al., 2015]
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« Recent and short dynamo activity

« Radiogenically heated early rocky mantle is too hot to
extract heat from the core [e.g, kimuraetal, 2009]

Initial sulfur content

1000 13 Wt.% 19wt%
7wt%

800

« Chemical gradient remains small only for < 0.8 Gyr
[Riickriemen et al., 2015]

« Late core formation is preferred (siand etal, 2008]
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Current Knowledge (4/4): Co-Evolution

[Hussmann & Spohn, 2004]
+ Laplace resonance Europy e ]

Ganymede -

« Orbital period of lo: Europa: Ganymede=1:2:4
« Eccentricity can be increased due to resonance

Eccentricity

« Oscillatory behavior may appear
+ Typical example of strong thermal-orbital coupled evolution

[e.g., Ojakangas & Stevenson, 1986] o 2 3 4 5 6 7 8 9
« (High-T, high-e) e and H,;4, decrease > Heat loss overcomes tme 16l
heat production, decreasing T - (Low-T, low-e) e and Hyg. % PO
increase - Heat production overcomes heat loss > ... E 50 tolalice layer
« For Ganymede, a different resonance in the past may §
be |m porta nt [e.g., Showman et al., 1997] f
£

time [Ga]




Future Studies (1/2): Updated Theories/Models

" Frequency-dependent Q of Saturn [Fuller et al., 2016]
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+ Dynamical tides (e, ogivie&Lin, 2004 .
« Previous studies assume equilibrium tides 106

+ Constant tidal quality factor of the primary (Qprimary) o 10°

= 10*

+ Problematic for the Saturnian system
+ Recent study suggests dynamical tides rutieretal, 2016] 102
* Qprimary is a strong function of frequency
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« Different orbital evolution scenario is inferred

+ Interior structure models
« lomay have a global magma ocean layer [khuranaetal, 2011] [

1 (]
« Europa may have a salt layer at the seafloor [kargeletal, 2000) A
. <
+ Ganymede may have layers of ices and oceans ance etal, 2014]
« Callisto’s interior may be differentiated (cao & stevenson, 2013] { 7 7
o o
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Future Studies (2/2): More Observations

. . tracks of JUICE (fom Red book by ESA
Independent determination of J, and C,, of the e T f——

gravity field
» Necessary to calculate the moment of inertia factor
+ Global coverage by Europa Clipper and JUICE

Europa’s plume activity observations
« Current data is insufficient to determine the frequency,
phase lag, and precise locations with geologic context
« May provide insights on the mechanism of eruptions and
interior structure [cf,, Bshounkova et al., 2015]
+ Long-term observations using space/ground
telescopes

HST observation of Europa plumes
(NASA/ESA/L. Roth/SWRI/Univ. Cologne)

Summary of Interior Evolution of Galilean Satellites

1. How do we estimate the current interior structures and their evolutions?
« Important observations: Gravity & magnetic field
+ Physics: Cooling vs. heating, with considerations of phase change and chemistry

2. What do we know about the evolutions of the interior structures?

+ Diverse geologic evolution and ocean maintenance due to different amounts of tidally
produced heat among satellites

« Intrinsic magnetic field of Ganymede may be transient phenomenon
« Inner three Galilean satellites co-evolve due to tidal interaction

3. What should we do next for a better understanding of this subject?
+ Theoretical studies considering new models
+ More observations from ground and/or space




