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ABSTRACT

A recent study of Fu et al. analysed the remaining magnetization in the eucrite meteorite Allan
Hills A81001, which mostly likely has been produced during the cooling phase of the life
of the asteroid Vesta, arguing that an ancient dynamo in the advective liquid metallic core
could be set in. Using petrographic and paleomagnetic arguments, Fu et al. estimated a surface
magnetic field of at least 2 uT. In this work, we verify the possibility that an early core dynamo
took place in Vesta by analysing four different possible fully differentiated configurations of
Vesta, characterized by different chondritic compositions, with the constraints on core size and
density provided by Ermakov et al. We only incorporate the thermal convection, by neglecting
the effects of the compositional convection, so our results in terms of magnetic Reynolds
number and duration of the dynamo can be interpreted as a lower bound. The presence of a
magnetic field would make Vesta a peculiar object of the Solar system, a ‘small-Earth’, since
it has also a differentiated structure like Earth and the magnetic field has preserved Vesta from
the space weathering.

Key words: dynamo —planets and satellites: individual: Vesta—planets and satellites: interi-

ors —planets and satellites: magnetic fields.

1 INTRODUCTION

The existence of planetary magnetic fields is strictly related to the
occurrence and stability of a dynamo mechanism within the plane-
tary core. Early solar nebula may have had a magnetic field, whose
shape was dipolar with an intensity of about 100 uT (Levy &
Sonett 1978), although this value has recently been updated and
reduced to 5-54 uT (Fu et al. 2014b). The time-scale of free diffu-
sive decay of a magnetic field within a planetary interior is given
by Tmae = R?/(7*A) ~ 3000 yr(R/10° km)? (Stevenson, Spohn &
Schubert 1983; Stevenson 2010), where R is the planetary radius and
A is a constant: SO Ty, is less than ~ 10°-10* yr for an asteroid-sized
body and is very short if compared with the age of Solar system
(4.5 x 10° yr). Thus, the primordial magnetic fields of Solar system
bodies are substantially absent at present time: the occurrence of a
dynamo mechanism is required in order to sustain a magnetic field.
The characteristic time-scale for thermal diffusion within a planet
is given by 7y = R?/(m%k) ~ (3 x 10% yr)(R/10° km)?, with the
thermal diffusivity k &~ 10(agksT/e*)(ii/m) and the other parame-
ters defined as aq (first Bohr radius), kg (Boltzmann constant), T
(temperature), e (electron charge), & (Planck constant divided by
2m); thus, 7, is of the order of at least 10% yr for asteroids with
size comparable to Vesta and Ceres, and it is even larger for most
planets (Stevenson et al. 1983; Stevenson 2010). As a consequence,
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planetary interiors retain heat for very long times, and so high in-
ternal temperatures are maintained.

Typically, internal temperatures are reached that are well above
the Curie point of most materials, so any permanent magnetization
is lost everywhere except in the crust of the planet. Several con-
ditions are required in order that a dynamo mechanism can be set
in. First of all, a convection regime is required, which would imply
a large magnetic Reynolds number and a small Rossby number.
The planetary core must be characterized by electrical conductivity
and fluidity. Nevertheless, the core must not be completely liquid,
but it should be characterized by an inner solid core. The inner
solid core must be embedded within a large fluid region, consti-
tuted by electrical conducting material in a non-uniform motion
(Stevenson et al. 1983; Stevenson 2003, 2010). However, even in
the absence of an inner solid core, a high heat flux at the core—
mantle boundary could be assured by a more rapidly cooling core
(Nimmo 2007). The electrical conductivity is guaranteed if both
iron (or an iron alloy such as Fe-S) and a metallic material are
present.

Magnetic fields have been measured on other Solar system ob-
jects in addition to Earth: among rocky bodies, Mercury is thought
to have a weak dynamo, Venus, Moon and Mars likely have had
an active dynamo in an ancient past, and Ganymede has an active
current dynamo. Ice giants Jupiter, Saturn, Uranus and Neptune
have active dynamos. Small bodies (i.e. asteroids) that experi-
enced differentiation could have developed an active dynamo mech-
anism early in their history (Stevenson 2010), as we can see
in Table 1.
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Table 1. Observed surface magnetic field of some bodies of the Solar
system.

Body Magnetic field (uT) Reference
Vesta >2.0 [A]
Earth (mean value) 50 [B]
Mars (mean value)? 50 [B]
Jupiter 428 [B]
Ganymede 2 [B]
Saturn 20 [B]
Uranus 20 [B]
Neptune 20 [B]

“The magnetic field of Mars is concentrated in well-defined regions.
[A]: Fu et al. (2012); [B]: Stevenson (2010).

The theoretical time-scale for the duration of an active dynamo
in the interior of planetesimals is of the order of 10-10? Myr after
the Solar system formation (Elkins-Tanton, Weiss & Zuber 2011;
Sterenborg & Crowley 2013). According to Elkins-Tanton et al.
(2011) for example bodies with radii of the order of 100-150 km
develop a dynamo lasting for a timespan >10 Myr, while bodies
with radii of 300-350 km produce a dynamo lasting for a timespan
>50 Myr.

Among the possible mechanisms to generate a dynamo,
Monteux, Jellinek & Johnson (2011) suggest that a large impact
on an initially undifferentiated body could release heat and in-
duce the differentiation that leads to the generation of a transient
dynamo inside the core. Nimmo (2009), moreover, suggests that
compositional convection could play an important role in dynamo
generation, providing a minimum core size of about 90 km.

The main observational evidence suggesting the existence of an
ancient dynamo arises from measurements of remnant magnetiza-
tion in meteorites (see for example Weiss et al. 2008a, 2010; Weiss,
Lima & Zucolotto 2008b; Elkins-Tanton et al. 2011; Fu et al. 2012).
The general idea is that few meteorites have retained records of
primordial magnetic fields (related to the solar nebula or to the
protoplanetary disc), and that the measured magnetizations are due
to parent body internal field. For example, Fu et al. (2012) have
investigated the natural remnant magnetization in a eucrite sample
(ALHAS81001). Petrographic and paleomagnetic arguments suggest
that this eucrite sample acquired its residual magnetization about
3.69 Gyr ago, during its permanence in the Vestan crust: this mag-
netization is consistent with a surface magnetic field >2 uT, which
was produced by a core magnetic field of the order of 10°—10° puT.
The presence of natural remnant magnetization on this eucrite is
interpreted as due to a surface magnetic field generated by an an-
cient dynamo. Weiss et al. (2008b), analysing the three angrites
Angra Dos Reis, D’Orbigny and Asuka (A)-881371, deduced that
the remnant magnetization of the samples was possibly linked to an
intrinsic dynamo, which generated an ancient magnetic field of the
order of 10 uT on its parent body, about 4.5 Gyr ago, that decayed
within 200-1600 Myr.

Core dynamo and, consequently, the magnetic field help to ex-
plain the lack of solar wind ion-generated space weathering effects
on Vesta, as suggested by Fu et al. (2012). Irradiation experiments
with Ar™™ ions on Bereba eucrite (Vernazza et al. 2006), whose
reflectance spectrum in the visible-near-infrared range is very sim-
ilar to the one of Vesta, produced a darkening and reddening of the
spectrum. This alteration is very similar to space weathering effects
reproduced on silicates and meteorites in laboratory, and to what
is observed on the Moon. In contrast, the spectra of Vesta do not
show any lunar-like space weathering effect. Vernazza et al. (2006)
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conclude that a 0.2 uT surface magnetic field is responsible for the
shielding from solar wind ions. The lack of any lunar-like observed
space weathering effect on Vesta surface (Pieters et al. 2012) could
also be a clue of the presence of a weak surface magnetic field.

A recent work (Toplis et al. 2013) has shown a wide range of
possible Vesta-sized parent body, totally differentiated with a eu-
critic crust, based on mass balance and thermodynamic constraints.
Following this paper, we have explored four different chondritic
compositions, in order to evaluate how the composition and the size
of the different layers (core, mantle and crust) affect the onset of a
dynamo core inside Vesta and its magnetic core/surface field. The
constraints on the size and density of the metallic core are provided
by a recent paper (Ermakov et al. 2014) on the Vesta’s gravity.

In this paper, we investigate the role of the thermal convection in
the dynamo generation, neglecting the contribution of the composi-
tional convection that can influence the energetic balance of the core
and then the core flow velocities. As discussed by Nimmo (2009),
a core dynamo can be activated also in the case of subadiabatic
heat flow when compositional convection is included. For instance,
by assuming typical Earth core parameters, the core compositional
convective velocity is of a few mm s~': this velocity strongly de-
pends on the density contrast and on the time of growing of the
inner core (Nimmo 2009). In general, compositional convection is
common among small body, as pointed out by Nimmo (2009) and
Bryson et al. (2015), and the minimum likely core size for a dy-
namo driven by such convection is about 90 km (Nimmo 2009),
very similar to the thermal convection analogous value found by
Weiss et al. (2008a). Compositional convection is also associated
with a long-lived magnetic activity in contrast with the thermal con-
vection linked to a short-lived magnetization (Bryson et al. 2015).
However, here we perform our calculations only in the thermal con-
vection regime, and our results (magnetic Reynolds number and
core dynamo duration) can be interpreted as a lower limit of the
‘real’ values.

‘We have organized this paper as follows: in Section 2 the physical
parameters characterizing the inner structure of a fully differentiated
Vesta are described, in Section 3 a parametrized convective model of
a thermal evolving fully differentiated Vesta is described, in Section
4 the basic ideas and the equations of the dynamo theory applied
to a small planetary object are reported, in particular deducing the
equations for the intensity of the magnetic field and for the magnetic
Reynolds number. In Sections 5 and 6, we describe and discuss the
results looking for the onset of an ancient dynamo inside Vesta.

2 FULLY DIFFERENTIATED ‘VESTAS’

We consider as a starting point a post-differentiated Vesta, i.e. an
asteroid that has completed its differentiation due to the decay of
the short-lived radionuclides and it is characterized by a metallic
core, a silicate mantle and a crust.

If the requirement that the core heat flux is greater than zero is
fulfilled, the onset of a dynamo in the core is possible. We can
reasonably fix the temperatures of the core at 1200 K, of the mantle
at 1600 K and of the crust at 500 K (Ghosh & McSween 1998). We
have tested (see Section 5) that there are not significant differences
in outcome if we use different initial temperatures, i.e. considering
an hotter crust and a cooler mantle, as predicted by the work of
Neumann, Breuer & Spohn (2014).

Among the different possible internal structures of a fully dif-
ferentiated Vesta predicted by Toplis et al. (2013), we select four
chondritic configurations in order to explore a wide range of core
size (from 106 km in the case of CR composition to 143 km in
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Figure 1. Internal structure for the four configurations selected in this paper: Mod. A refers to a plausible possible Vesta (%H —+ %CM chondrites; see Toplis
etal. 2013). Mod. B, Mod. C and Mod. D refer to CR, CH and EH chondrites configurations, respectively.

Table 2. Thickness and density of the four different possible initial config-
urations of a fully differentiated Vesta (Toplis et al. 2013).

Mod. A Mod. B Mod. C Mod. D
IH+ jCM CR CH EH

Thickness (km)

Core 114.2 106.4 132.3 143.0

Mantle 132.4 142.2 113.8 107.0

Crust 15.0 13.0 154 11.6
Density (kg m™3)

Core 6259 6175 7802 5786

Mantle 3266 3320 2861 3034

Crust 2885 2901 2533 2798

the case of EH composition). Toplis et al. (2013) consider the con-
figuration characterized by %H + iCM chondrites as a plausible
analogue of Vesta (see Toplis et al. 2013 for the details). Hereafter,
this last model will be labelled Mod. A, while CR, CH and EH
chondritic composition will be labelled Mod. B, Mod. C and Mod.
D, respectively (see Fig. 1 and Table 2 for the details.) Note that CR
and EH compositions are characterized by a core size slightly out
of the range provided by Ermakov et al. (2014).

3 THE MODEL

In order to study the thermal evolution of Vesta, we applied
the method of the parametrized thermal convection in which the
different layers are characterized by a single temperature and

conservation of energy is imposed. The method of parametrized con-
vection is largely diffused in the literature in order to study the ther-
mal evolution of planets/planetesimals (Schubert 1979; Stevenson
et al. 1983; McNamara & van Keken 2000; Solomatov & Moresi
2000; Korenaga & Jordan 2002; Freeman 2006; Grindrod et al.
2007; Korenaga 2009; Sterenborg & Crowley 2013). Following this
approach, we solve this system of first-order differential equations:

dT.

(V,OCP)C ? = _FoulAlop,c
d7;

(Voer),, 5 = FinAvotome = FouAiop.m + Q) Vin €]
dT.

(VPCp)cr = = FinAbollom,m - outAtop,crv

dr

where T., T, and T, are, respectively, the temperature of the core,
of the mantle and of the crust, V is the volume of the layer, p is the
density, ¢, is the specific heat, F is the heat flux, A is the area of the
layer and Q is the radiogenic heat production per unit volume.

The radiogenic heat provided by long-lived radionuclides, i.e.
2350, 28U, 22Th and “°K and given by Turcotte & Schubert (2002),
and reported in Table 3, is

0(t) = 0iCoexp(=2t), )

i=1

MNRAS 458, 695-707 (2016)
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Table 3. Radiogenic heating parameters used in this model are provided by Turcotte & Schubert (2002).

Element Initial concentration (C;) (ppb) Specific heat production (Q;) (W kg‘l) Half-lives (4;) [Ga]
B8y 62.4 9.46 x 107° 4.47

25y 16.4 56.90 x 1075 0.70
B2Th 155.0 2.64 x 1073 14.0

40K 463.6 292 x 1073 1.25

where Q; is the heat production of the species i, Cy_; is the initial
abundance and A; is the decay constant [values provided by Turcotte
& Schubert (2002)]. The heat flux in equation (1) is given by

KAT
F=—

B Nu, 3

where K is the thermal conductivity, AT is the temperature drop
over the boundary layer, D is the thickness of the layer and Nu
is the Nusselt number. In the parametrized convection, the Nusselt
number quantifies how much the convection is ‘strong’ with respect
to the conduction, and it is linked to the thermal boundary layer (§)
by the following equation (Solomatov & Moresi 2000):

8 = D/Nu. C))

The Nusselt number can also be linked to Rayleigh number (Ra)
through a relationship, by approximating the results obtained in
different convection regimes, using numerical simulations:

Nu = a6’Ra‘. 3)

In fact, a, b and ¢ depend on the convection regime we select. In
a regime of variable viscosity Newtonian stagnant-lid scaling law
(Moresi & Solomatov 1995), Nusselt number is related to Rayleigh
number by the following relationship:

Nu = 1.896"”Ra"2. ©)
We can write the Rayleigh number as (Solomatov 1995)

AT D?
Ra= 28200 @)
kn
where « is the thermal expansion, g is the gravity acceleration and
K« is the thermal diffusivity. In the stagnant-lid regime (Solomatov
& Moresi 2000), the Frank-Kamenetskii 8 parameter is given by

0 =In(An), (3

where An is the viscosity contrast. We use a viscosity law not
only dependent on the average temperature (7) of the layer (see,
for example, Grindrod et al. 2007), but also on melting degree
(Sterenborg & Crowley 2013):

Tmell 1 C 9
(e 1)) ot 0

7 oexp |:RTmelt
where 7 is the viscosity of the material at the zero pressure melting
point (i.e. the reference viscosity), Ty is the melting temperature
of the layer, E is the activation energy, R is the gas constant, C is
the melt constant [for the mantle we set this value at 25, which
corresponds to the case of diffusion creep (Reese & Solomatov
2006)] and yx is the melting degree defined as (Reese & Solomatov
2006)

T - Tso]

=0 (10)
Tliq - Tsol

X

MNRAS 458, 695-707 (2016)

where T, and Tjiq are the solidus and liquidus temperature of the
layer, respectively. We can rewrite equation (8) as

EAT

~ RT*
The melting temperatures (Tpey) for silicate and metallic compo-
nent are those corresponding at the 50 per cent of the melting (see
Table 4), by assuming that temperature linearly depends on the melt-
ing degree. In a first modelling, we assume isoviscosity (0.01 Pa s)
in the core. Successively, we explore the case in which core has a
viscosity temperature dependence. Crust is assumed conductive.

All physical parameters used in our modelling are reported in
Table 4.

an

3.1 Boundary conditions

For each layer (n), the heat flow across the boundaries is calculated
as follows (McNamara & van Keken 2000; Freeman 2006):

Fn.in = I'p—1,out- (12)

The flux entering in the core is set to zero. At surface, a fixed
temperature (270 K) is used.

4 DYNAMO THEORY BASICS

4.1 ‘Dynamo effect’

Before introducing the magnetic Reynolds number, we want to re-
call some basic ideas and equations about the theory of a planetary
dynamo. The presence of a dynamo inside an asteroid is linked to
a moving conductive liquid core that generally is made of metallic
material. The metallic core is the result of the physical differenti-
ation that occurs in the first stages of the life of these bodies. In
Formisano et al. (2013), we analysed the differentiation of Vesta,
induced by the heat released by the radiogenic sources (in particular
Al).

Suppose that a poloidal magnetic field exists and some of the lines
of this field are ‘trapped’ in the rotating fluid core. Since the rotation
of the core is not uniform, these lines are deformed in the direction
perpendicular to the rotation axis and they create a toroidal magnetic
field. As the core rotates, these lines wrap themselves increasingly
as far as to create a very intense field. Convective cells carry the
lines of the magnetic field, and the Coriolis force deflects the fluid
that starts to spin around the central axis of the cell. At this point,
small loops are generated and subsequently they merge in a single
large loop and re-create a strong poloidal magnetic field.

4.2 The magnetic induction equation

Here we deduce the magnetic induction equation, from which it is
possible to define the magnetic Reynolds number that controls ‘the
efficiency’ of a dynamo. In order to explain the dynamo theory,
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Table 4. References. [A]: Russell et al. (2012); [B]: JPL Small-Body Database; [C]: Monteux et al. (2011); [D]: Sterenborg & Crowley (2013);
[E]: Yoshino, Walter & Katsura (2004); [F]: Neumann et al. (2014); [G]: Ellsworth & Schubert (1983); [H]: Fraeman & Korenaga (2010).

Parameter Value Units Ref.
Mass M 2.6 x 102 (kg) [A]
Rotational period P 5.34 (h) [B]
Surface temperature Tsurt 270 (K) -

Surface gravity Gsurf 0.25 (ms~2) -

Gravitational constant G 6.67 x 1071 (m? kg’1 s72) -

Gas constant R 8.3144 (Jmol ' K1) -

Stefan—Boltzmann constant o 5.67 x 1078 (W m~2 K% -

Vacuum permeability Ho 47t x 1077 (NA72) [D]
Specific heat capacity of core Cpe 800 d kg’l K1) [C]
Thermal conductivity of core K. 40.0 Wm~ K [C]
Thermal expansivity of core o 1.5% 107 (K™ [C]
Solidus temperature of core T sol 1213 (K) [F]
Melting of 50 per cent of core” Te50 1450 (K) —

Liquidus temperature of core Tcliq 1700 (K) [F]
Reference viscosity of core 10, 104 (Pas) [G]
Magnetic diffusivity of core he 2 (m—2s71) [C]
Specific heat capacity of mantle Cpm 1250 (Tkg~' K™ [G]
Thermal conductivity of mantle Kn 4.2 Wm~! K™ [G]
Thermal expansivity of mantle oUm 4% 1073 (K= [D]
Reference viscosity of mantle 70.m 1019 (Pas) [H]
Solidus temperature of mantle Tm.sol 1425 (K) [F]
Melting of 50 per cent of mantle? Tms0 1638 (K) -

Liquidus temperature of mantle Tin lig 1850 (K) [F]
Activation energy of mantle E 300 (kJ mol~1) [H]

“This value is calculated assuming that temperature linearly depends on degree of melting. Except for the thickness and for the density, crust physical

parameters are the same as used for the mantle.

some of the basic equations of the classical electromagnetism are
required. The starting equations are Ohm’s law:

J=0[E+uxB], (13)

Ampere’s law:

V x B =uylJ, (14)

and Faraday’s law:

vxe=-28 (15)
ot

where J is the current density, o the electrical conductivity, E
the electric field, B the magnetic induction, u the velocity of the
conducting fluid with respect to the planet and p, is the magnetic
permeability of free space. The parameters o and p are related
by:

A= — (16)

Moo

where A is the magnetic diffusivity. The magnetic diffusivity is
generally set to 2 m? s~! in the terrestrial planet in order to take into
account the presence of other elements (e.g. sulphur) in the liquid
metallic iron core (Stevenson 2003). Taking the curl of Ohm’s law

(see equation 13), in the assumptions of constant conductivity (o),
we obtain

VxJ=0VXE+oVx(uxB). (17)
Taking the curl of Ampere’s law (equation 14):

VxJ:LVx(VxB), (18)
o

we can rewrite equation (17) as follows:

VXx(VxB)=uoVxE+uoV x(uxB). (19)

Using Faraday’s law (equation 15), we obtain

0B
Vx(VxB):—M()ag + ooV x (u x B). (20)

Now, we rewrite the left term by applying the standard vector
identity:

Vx(VxB)=V(V-B)—V?B=-V’B, 21
where we used Gauss’s law for magnetism, and we obtain

oB )
5 =V x@xB)+iv’B. (22)

Notice that we have used the definition of the magnetic diffusivity
(equation 16). Equation (22) is called magnetic induction equation.
The first right term of equation (22) is the driving force and the
second right term is the dissipative force: if the driving term is
much larger than the dissipative one, the generation of a dynamo
is possible. Otherwise the field ‘diffuses’ away and decays on a
time-scale of (Stevenson 2003)

L ooy (R ) (1 23)
T~ — 0| ———— — .

. YO\ 1000km ) \sa
In the case of Vesta, this time-scale is very short and ranges from 18

to 29 yr [using the lowest (110 km) and highest (138 km) possible
values for the core size (Ermakov et al. 2014)].

4.3 Onset of core dynamo

The magnetic Reynolds number is the ratio of the first to the second
term on the right-hand side of equation (22):
V x (u x B) u.B/R. u:R.
Re, = I~ I~
AV2B LB/R? A

; (24)

MNRAS 458, 695-707 (2016)
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where i, is the core convection velocity and R, is the core radius.
As pointed out by Christensen (2010), three different scaling laws
exist for the velocity u., based upon

(1) the mixing-length theory (hereafter MIX);

(i1) the MAC-balance estimate (magnetic, Archimedean and
Coriolis forces);

(ii1) the CIA-balance estimate (Coriolis, inertia and Archimedean
forces).

Since velocities in the MIX and CIA theory are of the same orders
of magnitude (Weiss et al. 2010), we choose to analyse the MIX and
MAC cases. As already discussed in Monteux et al. (2011), since
the rotation rate of a primordial asteroid is a not well-constrained
parameter, a value for the velocity can reasonably be chosen apply-
ing the balance between the inertial and buoyancy force. Following
Stevenson (2003) and Christensen & Aubert (2006), the core con-
vection velocity (i, mix) is defined, in the mixing-length theory, by
the relationship

enx = (i) " 25)
' pHr

with Hy = ¢, c/ac&c, and o is the thermal expansivity of the core,

Feony is the core convective flux, ¢ is the specific heat, p. is the

density of the core and the core gravity acceleration is given by

47tG p. R,
8c = f’

where G is the gravitational constant. Finally, we can rewrite equa-
tion (25) as (Christensen 2010)

4G R Foomy \
Ue MIX = (%) . 27
p.c

(26)

We have assumed that the mixing length corresponds to the core
size (Stevenson 2010). In the case of MAC theory, the convective
velocity of core is given by (Christensen & Aubert 2006)

u _ FCO"V 1/2 (28)
¢,MAC ,OCU)HT 5

where o is the angular velocity [we assume the value 3 x 107* s~!

(Weiss et al. 2010), even if this value is not necessarily the ‘primor-
dial’ value]. Fu et al. (2014a) estimated that Vesta had a rotation
period 6.3 per cent faster than present before two late giant impact.
However, we can reasonably assume that the past rotation rate is
very similar to today.

We can arrange equation (28) as (Weiss et al. 2010; Sterenborg
& Crowley 2013)

AMGae R Feony | '
UcMAC = T . (29)
p.c

See Table 4 for the physical parameters used in this work. Now, we
can derive another expression for the magnetic Reynolds number,
in both MIX and MAC cases. In the MIX case, using equation (27),
we can write

1/3
Remmix = (W) , (30)
while in MAC case, using equation (29), we obtain

1/2
Renyiac = (%) G1)
The convective core heat flux is calculated as
Feony = Fo — Feond, (32)

MNRAS 458, 695-707 (2016)

using Sterenborg & Crowley (2013), where F. is given by

(Tc - Tm)
F.=K.——, (33)
8

where K. is the core thermal conductivity, and §y, is the thermal
boundary layer between the core and the mantle. In Sterenborg
& Crowley (2013), it is assumed that 8y is equal to §,, which is
a thin layer between the mantle and the crust where the drop of
viscosity occurs, and the core heat flux does not depend on core
viscosity. Successively, we explore the case in which the core has a
temperature-dependent viscosity. Following the approach of Steren-
borg & Crowley (2013), the condition for the onset of convection
inside the core of Vesta is set by the requirement that the heat flux
coming out of the core exceeds the heat flux along the adiabatic, i.e.
the conductive heat flux, defined by (Stevenson 2003)

Keoeg. T
Feona = & (34)

Cpe
So, if F > Feong (i.e. Feony > 0), the core begins to convect, but it is
not sufficient to maintain a magnetic field, since the induction effect
must ‘win’ against the diffusive losses: this indication is given by
the magnetic Reynolds number, which must exceed a critical value.
Using equation (33), we can rewrite equations (30) and (31) as

4K . Ga R (T, — Ty)\
Rem,MIX _ ( c Olg L( c m)) i (35)
A cp,C(Sb
and
4K . Ga R (T, — T\ *
R — c cii, c m ) 36
€m,MAC < 3U)Cp_c)\25b ( )

In some papers (Olson & Christensen 2006), the critical value is set
to Rey, cri = 40, while in others (Christensen, Olson & Glatzmaier
1999; Christensen & Aubert 2006; Monteux, Jellinek & Johnson
2011) it is inside the range 10-100. In this work, we set the critical
value at 50. The magnetic energy field strength of a dynamo is
provided by (Christensen 2010)

B2 T Feonv@.
I AWALLLLE. Uy (37)
2/1’0 Cp,c

where fonm is the fraction of the available power that is converted
to magnetic energy and 7 is the ohmic dissipation time. Following
Sterenborg & Crowley (2013), we set fonm = 1. Since T = R, /u., we
can rewrite equation (37) and provide a formula for the magnetic
field on the core:

BLZ _ (ZMORcacgc FconV ) 12 ) (38)
UcCpe
Using equation (26), we can rewrite equation (38) as
Bf _ (2M0pc ) (47TGpcRchonv) ) (39)
Ue 3cpe

In the case of MIX theory, using equation (27), we can obtain
(Sterenborg & Crowley 2013)

BC,MIX =1/ ZHOPCME,MI)Q (40)

This is the magnetic core field intensity in the case of mixing-
length theory. If we use the MAC scaling law (equation 29), we
obtain (Weiss et al. 2010; Sterenborg & Crowley 2013)

Benvac = /210 Re pewite Mac- 41
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In the dipole field approximation, we can calculate the magnetic
field at the surface. Following Christensen & Aubert (2006), we
obtain

R\?

Bgut = 0.8B. | — s (42)
R

which gives an estimation of the surface magnetic field in the as-

sumption that the dipole field at the core—mantle boundary is about

80 per cent of the total magnetic field. We also compute the Rossby

number, defined as

Uc
Ros = oR. (43)
The Rossby number is the ratio between inertial and Coriolis forces:
when Coriolis dominates, the field tends to be dipolar, otherwise it
tends to be multipolar (Weiss et al. 2010). In particular, if Rossby
number is >0.12, the field is multipolar, otherwise it is dipolar
(Weiss et al. 2010).

5 RESULTS

In this section, we will discuss the results of our modelling, in partic-
ular the magnetic Reynolds number and the magnetic field intensity
(both for core and surface) time evolution. Our reference model
setup will be Mod. A, with core convective velocity provided by
the mixing-length theory. Here, we explore how a different scaling
law (MAC) for core convective velocity and different initial chon-
dritic configurations (Mod. B, Mod. C and Mod. D) could affect the
results in terms of magnetic Reynolds number and magnetic field.
Finally, we discuss how a change in the core viscosity can affect the
intensity of the magnetic field.

5.1 Mod. A

In Mod. A, which corresponds to a likelihood configuration of
Vesta (Toplis et al. 2013), the core temperature first reaches and
then overcomes the mantle one after about 30 Myr (Fig. 2a). Suc-
cessively, both temperatures reach the same asymptotic value after
300 Myr. Mantle temperature is affected by the cooling action of
the convection while the contribution of the long-lived radionu-
clides is not sufficient to raise the temperature in the layer, since
their efficiency is low in the considered time-scale. Core tempera-
ture initially increases to reach the thermodynamic equilibrium with
the hotter mantle. The mantle viscosity follows the exponential law
of equation (9), starting from an initial value of 10'* Pa s, which
corresponds to a partial melted mantle till to a higher value, 10'° Pa
s, typical of the silicate solid rocks (Fraeman & Korenaga 2010, see
Fig. 2b). This high value remains constant for all the timespan of
the simulation. Recall that we assume isoviscosity in the core and
in the crust. In Fig. 2(c), we report the fluxes coming out from the
different layers and the core adiabatic heat flux, which generally
lies in the range from 0.13 to 7.3 mW m™2, using typical parameter
values for small body (Weiss et al. 2010). When heat flux from the
core overcomes the adiabatic heat flux (after about 30 Myr), the
convection in the core starts.

The maximum heat core flux value reached is 10 mW m~2, while
the fluxes of the mantle and of the crust decrease from an ini-
tial higher value (100 mW m~2) to an almost constant value of
20 mW m~2. In Fig. 2(d), we report the Nusselt number in the man-
tle which is higher than 1 when convection is acting: convection
in the mantle stops after about 10 Myr. The requirement of a heat
core flux higher than the adiabatic value is not sufficient to make
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possible the dynamo: it is also required that the magnetic field do
not diffuse away and it implies that the magnetic Reynolds number
must overcome a critical value that we have arbitrarily chosen to be
equal to 50 (Fig. 2e). In fact, the grey box in the plot indicates the
region of all possible predicted critical magnetic Reynolds numbers,
which range from 10 to 100. If the magnetic Reynolds number is
lower than the critical value, the dissipative forces inhibit the dy-
namo. So the dynamo is active until the magnetic Reynolds number
is greater than that value. The intersection between green line (the
magnetic Reynolds numbers coming out from our modelling) and
red line (critical value) can be interpreted as the end point of the
dynamo. From Fig. 2(e), the duration is about 150 Myr. In Fig. 2(f),
the intensity of magnetic field of the core and surface is reported.
The maximum intensity reached when dynamo was active is about
100 uT for the core and few pT for the crust, according to equation
(42). Remember that if the magnetic Reynolds number is higher
than 1, we have a perfectly conducting plasma, and the lines of the
magnetic field are frozen in the plasma (Alfvén’s frozen in theorem).

5.1.1 Dependence on velocity scaling law

Different scaling laws for convective velocity in the core lead to
different results in magnetic Reynolds number and intensity of the
magnetic field. As stated by Weiss et al. (2010), in general, u. pmix
is greater than u. mac of one to two orders of magnitude, and this
implies high magnetic Reynolds number in the case of mixing-
length theory, as we can see in Figs 2(e) and 3(a) (Weiss et al.
2010). In Figs 4(a) and (b), we have considered an intermediate
case between MIX and MAC approaches, by simply arithmetically
averaging the convective core velocities in the two cases.

In the MAC case, the magnetic fields are about one order of
magnitude greater than MIX one (Figs 2 f and 3b) and the magnetic
Reynolds number is around O (Fig. 3a): in this case, the magnetic
field will diffuse away. The intermediate case is characterized by a
magnetic Reynolds number always inside the ‘box’ of the critical
values, but below 50 (Fig. 4a), while the intensity of the magnetic
fields is very similar to the MIX case (Figs 2f and 4b). Anyway,
we have to discard the results of the MAC scaling law since the
requirement for the existence of MAC balance (Starchenko & Jones
2002):
MCRC

A
is not met. In fact, substituting the calculated core velocity and
size, we obtain values around 1. So, in the case of Vesta, the
magnetostrophic balance between Coriolis, pressure, buoyancy and
Lorentz forces is not assured, and in this case the MAC regime is
not valid.

In Fig. 5(a), the time evolution of the convective core velocity
in the three cases we considered is reported and, effectively, core
velocity in the mixing-length theory is the highest. The Rossby
number is always very small and lower than 0.12, and this indicates
that the nature of the magnetic field is dipolar (Fig. 5b).

> 50 (44)

5.1.2 Dependence on the initial temperature values

If we vary the initial temperature of the crust and mantle, the values
and the trend of the Reynolds magnetic number and of the intensity
of the magnetic field do not change. We have used as test case Mod.
A: we choose for the mantle and the crust initial temperatures of
1400 and 700 K, respectively. In this case, the maximum magnetic
Reynolds number is 56.1. If we choose 1500 and 600 K as the initial
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Figure 2. Time evolution of (a) temperature of different layers, (b) viscosity of mantle, (c) flux coming out of different layers and adiabatic core flux,
(d) Nusselt number of mantle, (e) magnetic Reynolds number, (f) magnetic field intensity, in the case of Mod. A and mixing-length theory scaling law for core
convective velocity. Grey box ranges from 10 to 100 which are the typical minimum and maximum values of the critical number we found in the literature. In
our work, we set the critical value at 50 (red line). Since viscosity becomes constant after 30 Myr, we reduce the x-axis up to 100 Myr (b). For an analogous
reason, we reduce the x-axis up to 20 Myr for the Nusselt number time evolution (d).
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Figure 6. (a) Magnetic Reynolds number and (b) magnetic field intensity for Mod. B, Mod. C and Mod. D. Grey box ranges from 10 to 100 which are the
typical minimum and maximum values of the critical number we found in the literature. In our work, we set the critical value at 50 (red line).

temperatures of the mantle and crust, respectively, the maximum
magnetic Reynolds number is 54. These results indicate that the
dynamo duration is not significantly affected by the choice of the
initial temperatures. Also the intensity of the magnetic field does
not change.

5.2 Dependence on the internal structure (Mod. B, C and D)

We have tested the change in the magnetic Reynolds number and in
the magnetic field due to different internal structures. These config-
urations are constrained by chemical and petrological (Toplis et al.
2013) as well as gravity considerations (Ermakov et al. 2014). The
model with the smaller core, i.e. Mod. B, is characterized by a
magnetic Reynolds number always lower than the critical value that
means that the dynamo does not occur (Fig. 6a). The correspond-
ing maximum core magnetic field intensity is slightly lower than
100 pT (Fig. 6b). In the other two cases, Mod. C and Mod. D, the
magnetic Reynolds number overcomes the critical value up to about
500 Myr, which corresponds (more or less) also at the dynamo du-
ration (Fig. 6a). In both cases, the core magnetic field overcomes
10? uT, while the surface magnetic field is around 2-3 uT (Fig. 6b).

5.3 Temperature-dependent core viscosity (Mod. A)

In this section, we show how the results in terms of magnetic
field and magnetic Reynolds number change if we consider a
temperature-dependent core viscosity: for simplicity, we consider
only Mod. A in the mixing-length case. The temperature profile
for the core and the mantle is essentially the same: in fact, they
reach the thermal equilibrium after 20 Myr (Fig. 7a). The pecu-
liarity of this model is that the viscosity reaches very low values
(1072-1073 Pa s), the typical values used in the literature for the
‘liquidus’ (see, e.g., Yoshino, Walter & Katsura 2003; Neumann,
Breuer & Spohn 2014), and this implies very large Rayleigh number
(up to 10%2), i.e. a convective turbulent regime (Niemela et al. 2000).
Core viscosity does not has a monotone profile since it reflects the
behaviour of the core temperature that initially increases and, af-
ter reaching a maximum around 1400 K, decreases (see Fig. 7b).
The maximum core viscosity value reached is 10'* Pa s, which
corresponds to the typical value of the inner solid Earth’s core vis-
cosity (Koot & Dumberry 2011). Core viscosity follows the same
exponential law valid for the mantle (equation 9), where the con-
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stant C is set to 90 to make it possible that viscosity reaches low
value (1072=102 Pa s) when core was melted.

The melting constant C significantly influences the minimum
value of the core viscosity. In order to obtain values compatible
with the typical ones used in the literature for melt ‘metals’, C has
to range from 85 to 95. The minimum value of the core viscosity
increases if C overcomes 95 and decreases if C is less than 85. So
small values of C characterize low-intensity magnetic field and a
short dynamo duration; instead, high values of Clead to very intense
magnetic field and long dynamo duration.

In Fig. 8, we can observe the time evolution of the core melt
fraction, which exhibits an opposite trend compared to the core
viscosity.

In a turbulent regime we can write, following (Jones 2007), a
relationship between Nusselt and Rayleigh numbers:

Nu ~ 0.066Ra'’?, (45)
and the boundary layer at the top of the core is given by

0.5R.
8 A ———, 46

Na (46)

so the heat core flux is provided by

K(T. — Ty
F, = % (47)

When viscosity becomes very low, the heat core flux jumps at
very high value 10* mW m~2 and rapidly decreases when viscosity
reaches its asymptotic value of 10'* Pa s (Fig. 7b). The mantle and
crust heat fluxes are the same as the isoviscous core case previously
examined (Figs 2c and 7c). In the turbulent regime of the core
convection, the Nusselt number of the core reaches very high value
(10%; Niemela et al. 2000), as we can see in Fig. 7(d). Magnetic
Reynolds number exceeds 10° (Fig. 7e) for a very narrow timespan
and the duration of the dynamo is <200 Myr, which is the time
interval during which the magnetic Reynolds number is larger than
the critical value. The same behaviour is shown by the intensity
of the magnetic fields (core and surface), as we can observe in
Fig. 7(e). The maximum intensity of the core magnetic field is
slightly lower than 10* uT for very short almost ‘impulsive’ time
interval. This time interval, after about 30 Myr, could be interpreted
as the time of the first magnetization of the rocks of the crust of
Vesta.
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Figure 7. Time evolution of (a) temperature of different layers, (b) viscosity of mantle, (c) flux coming out of different layers and adiabatic core flux,
(d) Nusselt number of mantle, (e) magnetic Reynolds number, (f) magnetic field intensity, in the case of Mod. A and mixing-length theory scaling law for core
convective velocity and not isoviscous core. Grey box ranges from 10 to 100 which are the typical minimum and maximum values of the critical number we

found in the literature. In our work, we set the critical value at 50 (red line).

6 DISCUSSION

In this work, we investigated, in a thermal convective regime, the
possibility that Vesta had an active core dynamo in the first phases
of its evolution, in order to explain the remaining magnetization
found in the eucrite Allan Hills A81001 by Fu et al. (2012) and due

to a magnetic field of at least 2 uT. We have used Vesta interior
models present in the literature and based on the results obtained
interpreting data coming from Dawn mission. These results show
that Vesta had an earlier advective liquid metallic core in order to
provide a dynamo effect, since the primitive magnetic field due to
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Figure 8. Core melt fraction time evolution.

the solar nebula decays in a short time (10°~10* yr) with respect to
the age of the Solar system and so it is not adequate to explain any
remaining magnetization. If Vesta did not reach the Curie temper-
ature of the crust materials (the Curie temperature of kamacite is
around 760 °C), an ancient magnetization is preserved. In the inner
structure (core and mantle), due to the high temperatures predicted
by the numerical thermal models (Formisano et al. 2013; Neumann
et al. 2014), any remaining magnetization is lost.

On the basis of petrological and geochemical considerations
(Toplis et al. 2013) and with the constraints on the core size and
density given by gravity measurements (Ermakov et al. 2014), we
test four chondritic configurations, studying the magnetic Reynolds
number and the consequent magnetic field. Our reference model is
Mod. A, which is characterized by a chondritic composition made
of 3/4 of H chondrite and 1/4 of CM chondrite (Toplis et al. 2013),
which is a plausible configuration for a fully differentiated Vesta. In
the reference Mod. A, the core velocity is given by the mixing-length
theory and, after 30 Myr, the heat coming from the core is greater
than the adiabatic flux: this is the requirement to have a convective
core. The magnetic Reynolds number is greater than the critical
value until about 200 Myr, which corresponds to a dynamo dura-
tion of about 150 Myr. Our results suggest also that a MAC scaling
law is not adequate to treat the convective core velocity, since the
magnetostrophic balance is not assured. The core magnetic field,
in Mod. A, is around 10 pT, with a corresponding surface field of
1-2 uT. A change in the structure, in particular an increase of the
core size (Mod. C and Mod. D), does not significantly affect the
magnetic fields but affects the dynamo duration, which increases up
to about 500 Myr. In contrast, a smaller core size (Mod. B) does not
imply a core dynamo. The Rossby number, being lower than 0.12,
indicates that the field is dipolar.

In the case of temperature-dependent core viscosity, the core
magnetic field reaches value, when the dynamo was active, around
1000 pT, compatible with the estimation of Fu et al. (2012), which
predicts fields with intensity up to 2600 puT. Also the surface fields
reach values (up to 100 uT) compatible with the values provided by
Fu et al. (2012). In summary, our simulations suggest that

(i) Vesta had an active core dynamo, whose duration lies in the
range 150-500 Myr, depending on the internal structures;

(ii) the core viscosity is a crucial parameter in the generation of
the magnetic field;
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(iii) in the case of temperature-dependent viscosity, we obtain
magnetic fields compatible with the measurement of the remaining
magnetization in the eucrite meteorite sample (Fu et al. 2012);

(iv) in the case of low core viscosity, the generation of the mag-
netic field is ‘impulsive’;

(v) a MAC scaling law is not adequate for Vesta, for which a
convective core velocity given by the mixing-length theory is more
plausible.

It is also desirable that further laboratory investigations will be
carried out on meteorites, with the aim to retrieve any eventual
remnant magnetization.
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