- B
§ Istituto di Astrofisica e Planetologia Spaziali
& Via Fosso del Cavaliere 100, Roma

Evoluzione termofisica
dei corpi minori del Sistema

Solare




Definition of Small Solar System Bodies

(1) A PLANET IS A CELESTIAL BODY THAT:
IS IN ORBIT AROUND THE SUN;

HAS SUFFICIENT MASS FOR ITS SELF-GRAVITY TO OVERCOME
RIGID BODY FORCES SO THAT IT ASSUMES A HYDROSTATIC

EQUILIBRIUM (NEARLY ROUND) SHAPE; 3) A” O-l-her ObjeCTS,
HAS CLEARED THE NEIGHBOURHOOD AROUND ITS ORBIT. exce p-l- SOTe”iTeS, Ol’biﬂﬂg

the Sun shall be referred to
(2) A "DWARF PLANET" IS A CELESTIAL BODY THAT: CO”eCﬂVGIY as "sma" solqr

System Bodies".




Why studying small bodies?

ARE OBJECTS THAT HAVE PRESERVED INFORMATION
ABOUT THE PRIMORDIAL PHASES OF OUR SOLAR SYSTEM.

Information about the of the ’
on Earth, in the thermophysical evolution of planets, role of the
efc...




What is the planetary differentiation?

- M.e_tal
MEANS TO MAKE A i -Silicate

BODY

IT IS THE PROCESS THAT LEADS TO THE
OF THE ASTEROID/PLANET
BASED ON ITS PHYSICAL AND/OR
CHEMICAL PROPERTIES. Undifferentiated Differentiated

Body Body




Main stages of the life of a small body

- Accretion

- Sintering




Minimum Size for Differentiation

The minimum size for the differentiation will be set by the rate of conductive heat loss.

The characteristic timescale for the thermal conduction info a body of radius R is R%/K,
where K is the thermal diffusivity.

The minimum size for the differentiation will occur when the heat flux is maximum
(i.,e.instantaneous accretion). The approximate conductive cooling time for a planetesimal
with instanenous accretion is given by (Moskovitz & Gaidos 2011):

R \?2
Teool = 0.014Ma (lkm)

Planetesimals with 1., longer than the most important heating timescale (1,,,) Will sustain
melting temperatures and differentiate. The minimum size is 18 km.




Can we assume that a differentiated body is
also in hydrostatic equilibrium (HE)<2

HE implies that the bod}/ has a spherical shape
(heglecfing  the  rofafion) to  minimize

NOT

pressure =T gravity

DIFFERENTIATION -Y# HYDROSTATIC EQUILIBRIUM




Moment of Inertia Factor & Differentiation

In Planetary Sc:|enFc:e momentum of Inertia factor (Mol) is linked to the radial distribution of mass inside

differentiated planet or satellite, where there is an increase of density with depth
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Size & Differentiation
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Sources of Energy

o The decay of short-lived radioactive elements
such as 26Al (primary heat source), 60Fe or of
long-lived radioactive elements such as 40K,
232Th, 235U and 238U;

o Accretion process; SR ) ik

" Accretionary heating Core formation

Radioact
clomen Satellite

0 QO roe. f;:;v.v':: Primary planet
Tidal heating

Radiogenic heating Solar energy




Energy Source Requirements

, since small bodies have a high surface/volume ratio;

, as suggested by the measurements on Hf — W ratio in iron meteorites (Kleine 2002);

in our galaxy




Accretional Heating

The fraction (h) of heat retained during accretion is very poorly
known. In terms of h, we can approximate the accretional

temperature T, at radius r within an accumulating planetesimal as
(Schubert et al. 1986):
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Accretional Temperature Profiles of Vesta
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For the Earth, accretion is the main source of energy: AT 2 1000 K

C, = specific heat:
T = ambient temperature;

M(r) = mass of the accreting asteroid internal to r;
h = efficiency.



Short-lived Radionuclides

Parent nuclide 26 A1 60Fe 33Mn

Daughter nuclide 26Mg 6ONi 33¢Cr

Initial isotopic abundance 20A127A1=5 x 1072 60Fe/50Fe = 0.1-1 x 106 33Mn/33Mn = 1-4 x 1073
Half-life A (Myr) 0.716-0.73 L5 3.7

Specific heat production (W /kg) 0.146 0.068-0.074 0.027
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26Al is uniformly distributed in our Galaxy
(MacPherson 1995); ©
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Long-lived Radionuclides

The most important long-lived radionuclides are 238U, 235U, 232Th and 40K: deca

information

Element Potassium Thorium Uranium 107®
Isotope 40[( 232Th 235 U 238U

Isotopic abundance (wt%) 0.01176 100.00 0.71 99.28

Decay constant (yr— 1) 5.54 x 10710 4.95 x 10~11 9.85 x 10710 1.551 x 10710

Half-life & (Myr) 1277 14,010-14.050 703.81 4468

Specific heat production (W /kg of elements) 29.17 x 10~° 26.38 x 107° 568.7 x 1070 94.65 x 1070

These long-lived radionuclides are still present
in the Earth and other planetary bodies,

S (erg grn" sec’!)
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Magma Ocean & Core Formation

e

” Metal droplets

If T> 1400 K (Neumann et al. 2013) -> Magma
Ocean (Righter & Drake 1997) in which iron drops
migrates at the bottom creating a core
(Stevenson 1990).




Some Resulls: Vesta
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(from Formisano et al. 2013A) (from Ghosh & McSween 1998)




Some Results: Lutetia
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Heat transfer mechanisms

CONDUCTION (the most diffused); « Most materials...
e Get less dense when
heated

e More dense when
cooled

' Conduction Convection

. « Hot stuff buoyant
: Radiation rEIatiVe tO
surroundings: rises

o Cold stuff relatively
heavy: falls




Thermal Convection

most unstable

unstable

stable
mode

super-critical heating

min heating to induce convection

not enough heating_;

critical Ra (dimensionless T drop or heating)

(from Turcotte & Schubert 2003

2 1 6 8 10

]ze (wavelength) of perturbation (T fluctuation)

The Rayleigh number characterizes the

Ra must exceed a certain value called
the critical Rayleigh number (Ra_) for
convection to occur.




Thermal Boundary Layers &

Nusselt Number

(from Turcotte & Schubert 2002)

With very large Ra and vigorous mixing most of the layer is
largely uniform and isothermal. Most of the fluid is at the

mean  femperature between the two  boundary
temperatures.

convection

height

Nu = Nusselt number= Heat transfer across layer in convective regime/

Heat transfer across layer by conduction

Nu =

/kAT/d

q convection

temperature






Sub-solidus Convection: Ceres' crust
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(from Formisano et al. 2019, JGR, submitted)




Core Dynamo as a consequence of

the Differentiation

Three conditions are required to drive a dynamo on a growing planet (Monteux et al. 2011)
and so to have a magnetic field:

1) The heat flow out of the core must exceed the adiabatic value such that convection can
occur (Stevenson et al. 1983).

(Elkins-Tanton et al. 2011)



Core Convection: Vesta & Psyche

Vesta probably had a magnetic field as suggested by the studies on the residual magnetization on
an eucritic meteorite (Fu et al. 2012) and suggested by theoretical models (Formisano et al. 2016);
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(from Formisano et al. 2016) (from Formisano et al. 2019, in preparation)




Why studying magnetic fields?

Information about:
The physics of the interior of the celestial bodies;




Conclusions

Small bodies are important to understand the main stages of the evolution of our Solar System;

Numerical models offer a theoretical support fo the observations, in order to select the most




