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Abstract Asteroid (16) Psyche is the largest likely metal-rich asteroid in the Solar System and the target of
the NASA Psyche mission. The mission aims to determine whether the asteroid is the core of a differentiated
planetesimal that lost its mantle via a giant impact. To prepare for spacecraft observations of the asteroid, we
combine impact and geodynamic models to predict the magnetization, composition, and interior structure of a
mantle-stripped core with the mass and density of Psyche. We show that Psyche-like bodies can form from a
single giant impact, with a hit-and-run collision being the most likely scenario. After the impact, Psyche's
materials could have become magnetized while cooling in a dynamo field generated by its advecting core and/or
in the magnetic field of the solar nebula. The former is diagnostic of Psyche being a mantle-stripped core and is
favored if Psyche's primordial sulfur content and current metal content are 210 wt.% and 250 wt.%,
respectively. A sulfur content >10 wt.% delays core solidification long enough for kamacite in the asteroid's
exterior to cool through the Curie temperature while the dynamo is still active. Formation of Psyche analogs
with 250 wt.% metal content requires highly energetic impacts that more favorably occur after nebular-gas
dissipation. Therefore, if the Psyche spacecraft's Magnetometer, Gamma-Ray Neutron Spectrometer, and
Gravity and Topography Investigations respectively measure strong (>2 X 10'* Am?) magnetization, sulfur-
rich surface provinces compatible with a bulk primordial sulfur content >10 wt.%, and metal content 250 wt.%,
Psyche most likely formed as a mantle-stripped core.

Plain Language Summary Asteroid (16) Psyche may be the metallic core of a planetesimal whose
rocky mantle was eroded by a giant impact. Here we investigate the consequences of such a formation scenario
on Psyche's magnetization, composition, and internal structure. We find that, after the impact, churning of
molten metal in Psyche's core could have generated a magnetic field that was recorded by Psyche's exterior
while cooling, analogous to how igneous rocks become magnetized in Earth's magnetic field. Magnetization of
Psyche by its own core's dynamo magnetic field and not by other magnetic fields generated in the Sun's
protoplanetary disk is favored if Psyche formed from sulfur-rich (10 wt.%) materials and has a bulk metal
content 250 wt.%. Bulk sulfur contents 10 wt.% correspond to a longer lifetime of the dynamo field, allowing
more time for ferromagnetic grains to cool down and become magnetized. Formation of Psyche-sized bodies
with 250 wt.% metal content requires higher-energy impacts that more favorably occur after the protoplanetary
disk dissipates. Therefore, if the NASA Psyche spacecraft, which will explore asteroid Psyche in 2029,
measures a strong magnetization, a high sulfur content, and a high metal content, then asteroid Psyche most
likely formed as a mantle-stripped planetary core.

1. Introduction

The compositional heterogeneity of the asteroid population reflects the diversity of planetesimal formation and
evolution processes occurring in the early Solar System. Some asteroids belonging to the M/X taxonomic class
(DeMeo et al., 2009; Tholen, 1984) have been long thought to be rich in metals because they have higher mean
bulk densities than most meteorites' grain density (Figure 1) and their surfaces resemble metal-rich meteorites at
optical, near-infrared, and radio wavelengths (e.g., Bell et al., 1989; Cambioni, de Kleer, & Shepard, 2022;
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Figure 1. Some M/X-type asteroids can be metal rich. Grain density, p,, of known meteorites (black symbols, with error bars
indicating the 99.7% confidence level) compared to the lower limit of p, estimated for the four largest M/X-type asteroids
whose bulk density, p, is known with uncertainty o, < 0.15 X p (red symbols). We report lower limits for the asteroids because
pg = p owing to the effect of porosity (Carry, 2012). We set the lower limits equal to p minus 30, to take into account
uncertainties in p. The meteorite data are from Ostrowski and Bryson (2019) and references therein. The asteroid density
measurements are from (from left to right): Farnocchia et al. (2024), Ferrais et al. (2022), Marchis et al. (2021), and Pétzold
et al. (2011).

Carry, 2012; Chapman & Salisbury, 1973; de Kleer et al., 2021; Shepard et al., 2018). If confirmed, the metal-rich
nature of these asteroids would make them the smallest known high-density worlds, a recently recognized
compositional class of planetary bodies in the galaxy (e.g., Adibekyan et al., 2021). This population includes
planet Mercury and, probably, super—Earth-sized exoplanets whose densities are far higher than what is expected
from the abundance of iron and rock-forming elements of their host stars (e.g., Cambioni et al., 2025; Ebel &
Stewart, 2018; Lin et al., 2025).

How metal-rich worlds form is unknown. Two non-mutually exclusive hypotheses have been proposed. Metal-
rich worlds could be the metallic cores of differentiated protoplanets that lost their silicate mantles via giant
impacts (Asphaug & Reufer, 2014; Cambioni et al., 2025; Marcus et al., 2009; Reinhardt et al., 2022). Alter-
natively, metal-rich worlds formed by preferentially accreting metal-rich materials from the protoplanetary disk
(Johansen & Dorn, 2022). In this framework, metal-rich asteroids could either be the cores of differentiated
planetesimals, or planetesimals composed of metal-rich chondritic materials that never melted (e.g., with an
enstatite-like or CB—chondrite-like low-FeO composition; Elkins-Tanton et al., 2022).

Both hypotheses have implications for planetary geophysics and geochemistry and the formation of the Solar
System. If metal-rich asteroids are exposed cores of planetesimals, their composition and mechanical properties
represent a snapshot of the physical and chemical makeup of the planetary cores while they formed (Elkins-
Tanton et al., 2020). Similar studies of core formation and early evolution cannot readily be performed on Earth
whose core is buried under 2,900 km of mantle rocks where pressures are >130 GPa and temperatures are
>3,000 K (Schubert, 2015, for a review). Moreover, if metal-rich asteroids are the cores of planetesimals, their
parent bodies may be representative of the largest planetesimals known to have been catastrophically destroyed
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by collisions in Solar System history (Marchi et al., 2022). Revealing the impact scenarios leading to the for-
mation of metal-rich asteroids would therefore put an upper bound on the specific impact energies achieved
during planetesimal evolution in the early Solar System.

If metal-rich asteroids are instead primordial (unmelted) objects composed of enstatite or CB-chondrite-like low-
FeO materials, this may indicate that the planetary building blocks in the Sun's protoplanetary disk experienced
extensive orbital mixing. Nucleosynthetic isotopic anomalies in meteorites indicate there are major differences
between non-carbonaceous (NC) and carbonaceous chondrites (CC); for example, enstatite and CB chondrites
belong to the NC and CC group respectively (e.g., Kruijer et al., 2020; Nanne et al., 2019; Trinquier et al., 2007,
2009; Warren, 2011). A common interpretation is that NC parent bodies formed in the inner Solar System while
CC parent bodies formed in the outer Solar System. Accordingly, metal-rich asteroids could have formed either in
the inner and outer Solar System. Formation in the inner Solar System is supported by models of the chemical and
physical evolution of protoplanetary disks, which predict that metal-rich planetesimals may form at the subli-
mation lines of refractory elements in the innermost part of protoplanetary disks (i.e., <0.5 AU; Aguichine
et al., 2020; Johansen & Dorn, 2022). Formation in the outer Solar System is suggested by similarities in the
orbital distributions between M-type asteroids (which might be metal-rich; DeMeo et al., 2009) larger than 40 km
in size and C/B- and D/P-type asteroid of similar size (Elkins-Tanton et al., 2022).

The largest candidate metal-rich asteroid is (16) Psyche (hereafter “Psyche” or “asteroid Psyche”). Psyche is
a ~111-km-radius object with a mass of 2.40 £ 0.03 x 10" kg [equivalently, 4.02 + 0.04 x 107° My
(1 Mg, = Earth's mass)] and bulk density of 4,172 + 145 kg m™> (Farnocchia et al., 2024); hereafter all un-
certainties are 1 standard deviation unless otherwise noted. Hints that Psyche could be metal-rich come from
measurements of its bulk density and remote-sensing observations of its surface.

Assuming that Psyche is a mechanical mixture of iron with density of 7,650 kg m™3, forsterite with density of
3,220 kg m~2, and void spaces, we estimate that its current bulk density of 4,172 + 145 kg m~ corresponds to a
metal content >16 vol.% at the 95% confidence level (Text S1 in Supporting Information S1). This value is
slightly higher than that previously computed by Elkins-Tanton et al. (2020) using the same procedure (13 vol.%)
because our calculation uses the updated density value by Farnocchia et al. (2024). Psyche's metal content could
therefore be approximately equal to that expected from the solar abundance of iron and rock forming elements
(~16 vol.%, close to Earth's; Palme & O’Neill, 2003), or potentially be much higher. A fully metallic Psyche is
admissible for a porosity of 40%—55% typical of rubble-pile interior structures (Ballouz et al., 2024; Consolmagno
et al., 2008; Elkins-Tanton et al., 2020).

Psyche's possible metal-rich nature is also suggested by its high radar albedo (0.34 £ 0.08; Shepard et al., 2021)
and high dielectric constant at millimeter wavelengths (25th and 75th percentile values of 18 and 25, respectively;
Cambioni, de Kleer, & Shepard, 2022). The latter is indicative of a surface metal content of >20 wt.% if surface
rocks contain metallic inclusions or >50 wt.% if the surface is a porous mechanical mixture of silicates and iron
oxides/sulfides (de Kleer et al., 2021). For a comparison, the radar albedo and dielectric constant of asteroid (4)
Vesta are 0.08 and 2.3-2.5 respectively—values that are typical of silicate-rich surfaces (Capria et al., 2014;
Mitchell et al., 1996; Palmer et al., 2015). At shorter wavelengths, Psyche's visible-near-infrared spectrum is well
matched by a combination of iron meteorite powders, pyroxene, and carbonaceous chondritic materials (Cantillo
et al., 2021; Dibb et al., 2023). The presence of materials akin to carbonaceous chondrites on Psyche is also
supported by the simultaneous detection of hydration bands on its surface at 3 and 6 pm diagnostic of OH/H,O
and H,O respectively [Takir et al. (2017), Jarmak et al. (2024); nearby P/D-type asteroids show OH/H, O features
too; for example, Rivkin et al. (2000), Avdellidou et al. (2018)].

In this work, we study the formation of asteroid Psyche because it is the target of the NASA Psyche mission,
currently en-route toward the asteroid (Dibb et al., 2024). The central objective of the mission is to assess whether
asteroid Psyche formed as the core of a planetesimal (Elkins-Tanton et al., 2020, 2022). The spacecraft will
address this objective using a suite of instruments and investigations: the Magnetometer, which will measure the
magnetic field around the asteroid to search for evidence of an ancient dynamo (Weiss et al., 2023); the Gamma-
Ray and Neutron spectrometer (GRNS), which will measure Psyche's surface elemental abundance (Lawrence
et al., 2025); the Multispectral Imager, which will image the surface, map the abundance of silicates, determine
surface elevations and the relative ages of cratered surfaces, and refine the asteroid's shape model (Jaumann
et al., 2022; Marchi et al., 2022); and a Gravity Science Investigation, that will utilize X-band tracking of the
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spacecraft to measure the asteroid's gravity field (Zuber et al., 2022). The gravity field combined with estimates of
the volume from Psyche's shape model will yield an estimate of density which, when compared to mineral
density, provides an estimate of porosity (Besserer et al., 2014; Park et al., 2025; Toplis et al., 2013; Wieczorek
et al., 2012).

Paleomagnetic measurements of meteorites and dynamo theory indicate that a diversity of planetesimals once
generated dynamo magnetic fields in their metallic cores, acquiring a natural remanent magnetization (NRM)
while the field was still being generated in their molten interiors (e.g., Bryson et al., 2017; Fu et al., 2012; Tikoo &
Evans, 2022). Furthermore, laboratory measurements of iron-meteorite compositions and core formation models
for different meteorite groups suggest that the sulfur (S) content of their parent metal cores may have exceeded 5
wt.%, leading to the formation of an immiscible sulfide liquid that may have erupted on the surface, forming
sulfur-rich provinces if the core was overlain by a sufficiently thin mantle (Abrahams & Nimmo, 2019; Bercovici
et al., 2022; Chabot, 2004; Johnson et al., 2020). Therefore, evidence that Psyche formed as a mantle-stripped
core would be the detection of a strong magnetic moment (>2 X 10'* Am?) and of sulfur-rich provinces by
the spacecraft Magnetometer and GRNS, respectively (Lawrence et al., 2025; Weiss et al., 2023).

To provide context for future interpretation of the Psyche spacecraft data and their implications for the nature of
metal-rich worlds, here we investigate if, how, and when Psyche formed by a giant impact, acquired an NRM
from its own dynamo, and produced sulfur-rich provinces. First, we combine smoothed particle hydrodynamics
(SPH) simulations of giant impacts, machine learning, planet-formation theory, and published remote-sensing
observations to explore the parameter space of possible Psyche-forming scenarios and identify the most likely
impact conditions (Methods: Section 2; Results and Discussion: Section 4.1). Second, we model the thermal
evolution of the parent body of Psyche (“proto-Psyche” hereafter) and Psyche itself (the impact remnant) for the
most representative impact scenarios as a function of when the giant impact occurred and the sulfur content of
Psyche's building blocks. Based on this model, we assess in which scenario (if any) Psyche as a giant-impact
remnant generated a dynamo magnetic field to produce NRM (Methods: Section 3; Results and Discussion:
Section 4.2). Finally, we translate our findings to testable predictions for the NASA Psyche mission and outline
the implications for the origin of metal-rich worlds (Section 5).

2. Collisional Evolution of Psyche

To understand whether and how Psyche formed by a giant impact, we aim to explore the largest possible
combinations of masses and compositions of the two colliding bodies, and their impact velocities and geometries.
However, an extensive exploration of this large (six-dimensional) parameter space by running SPH simulations is
currently computationally impossible because each SPH simulation takes ~ days to complete (Gabriel &
Cambioni, 2023, for a review).

To overcome this bottleneck, in this study we predict the outcomes of giant impacts using machine-learning
software trained to emulate the outcome of high-resolution, computationally intensive SPH simulations of gi-
ant impacts, as done in previous studies (e.g., Cambioni, Jacobson, et al., 2021; Cambioni et al., 2019, 2025;
Emsenhuber et al., 2020). We use the most updated version of the machine-learning model by Cambioni
et al. (2025), which was trained, validated, and tested on 1,250 SPH simulations of giant impacts from
Emsenhuber et al. (2024). In Cambioni et al. (2025), 70% of the SPH simulations were used to train the machine-
learning algorithm, 15% for validation [that is, to find the combination of hyperparameters (e.g., algorithm ar-
chitecture and training procedure) that least overfit the data], and 15% for testing (i.e., to assess how well the
algorithm predicts the impact outcome for impact conditions not seen during training). The SPH database spans
masses from planetesimals to super-Earths and includes the effect of material strength. The colliding bodies are
differentiated into a forsterite mantle overlying an iron core, with a core-mass fraction between 0% and 100% (i.e.,
from a fully rocky to a fully metallic body).

The impact model predicts the masses, M, and core-mass fractions, Z, of the largest (“L”) and second-largest (“S”)
remnants of a collision (M, Ms; Z;, Z) as a function of the masses and core-mass fractions of the target (“7”’) and
projectile (“P”) (My, Mp; Zy, Zp) and the collision velocity and angle (V. and 6., respectively; see definitions
in the leftmost panels of Figure 2 and in Tables A1 and A2). Since the colliding bodies are differentiated in an iron
core overlaid by a forsterite mantle, their bulk composition is fully parametrized by Z. The target and projectile of
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Proto-Psyche is the target
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Target's Target's Projectile's Projectile's
mantle core mantle core

Figure 2. We investigate two possible scenarios for the formation of asteroid Psyche. Top panels, from left to right: SPH
simulation of a projectile planetesimal with mass, radius, and core-mass fraction of Mp, Rp, and Zp colliding at a velocity
Veon and angle 6., with a larger target planetesimal with mass, radius, and core-mass fraction of M7, Ry, and Z;. Proto-Psyche
is the target whose mantle is catastrophically destroyed [M; and Z; indicate the mass and core-mass fraction of the largest
remnant (i.e., the surviving target), respectively]. Immediately after the giant impact, the largest remnant has higher core-mass
fraction than before the impact, but porosity ® = 0%. Later, the porosity grows from zero to >0% through accumulation of
fractures formed as a result of sub-catastrophic impacts, lowering the remnant's bulk density. The dimensions of the cartoon on
the right are not to scale. Bottom panels: Same as top panels, but for the case in which proto-Psyche is the projectile of a hit-and-
run collision. Mg and Zg indicate the mass and core-mass fraction of the second-largest remnant (i.e., the surviving projectile),
respectively. The full SPH simulations are displayed in Videos S1 and S2.

the collision are the bodies with the largest and smallest binding energies, respectively. V. is greater or equal
than the escape velocity of the colliding pairs,

, 1

VESC = ZG

where G is the gravitational constant and Ry and Rp are the radii of the two bodies. We compute Ry from My and
Zr, and Rp from Mp and Zp, using the interior model of Emsenhuber et al. (2024), which is the same model used to
initialize the SPH simulations on which the machine-learning model was trained. We assume that colliding bodies
are nonporous before and immediately after the collision because any porosity that was present in their building
blocks was most likely erased during igneous differentiation of proto-Psyche (Nichols-Fleming et al., 2022).
Previous studies of collisions between nonporous planetesimals have shown that the fraction of the total colliding
mass shock-heated to the solidus is <0.8% for V., <7 km s~! (Davison et al., 2010). As we shall see in Sec-
tion 4.1, virtually all collisions that we find to form Psyche-sized objects occur at <7 km s~ (95% and 100% of the
cases for Psyche as the largest and second-largest remnant, respectively). Therefore, we neglect the effect of
impact heating in this study.

We run the impact model to generate a database of ~24 million collision predictions. We uniformly sample My
between 107 and 102 Mg, Mp between 0.05 and 1 X M7, Zr and Zp between 2 and 35 wt.%, V,;; between 1 and
10 V., and 6., between 0° and 90°. The target mass ranges from that of Psyche's current mass to that of the
largest early planetesimal's mass inferred from meteorite studies (Tissot et al., 2022). We set a lower limit of
Mp = 0.05 My because this roughly marks the transition from the impact cratering regime, in which the projectile
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buries itself into the target if 6., < 90°, to the giant-impact regime, in which the impactor is similar in size to the
target and may graze it even for 0, < 90° (Asphaug, 2010). The range of core-mass fractions corresponds to that
inferred for the proto-parent bodies of iron meteorites based on their abundances of highly siderophile elements
(Hilton et al., 2022); following Yang et al. (2007), here we use the term ‘“proto-parent bodies” to indicate
differentiated planetary bodies that were mantle-stripped by impacts and later catastrophically disrupted to
became a source of iron meteorites. For the masses and bulk compositions explored herein, the sizes of the
colliding bodies range between Psyche-sized to Moon-sized. The upper limit on V. corresponds to the current
velocity upper boundary of the training domain of the machine-learning model (10 V,.; we discuss the robustness
of the results to this limit in Section 4.1). Note that the machine-learning model was also not trained on collisions
with My < 10~ Mg. Nevertheless, the machine-learning model correctly extrapolates the prediction of the mass
of the largest remnant for My as low as 2 X 107 Mg when compared to external simulation results from
Movshovitz et al. (2016) (Figure S1 in Supporting Information S1). We therefore use the machine-learning model
also to predict outcomes for My € (2 X 1075, 1 X 107*) Mg,

Although the pre-impact bodies in the database are nonporous, their remnants may develop fractures as a result of
subcatastrophic impacts occurring after the mantle-stripping event and, as a result, acquire porosity, ® (Libourel
etal., 2019; Marchi et al., 2020). For example, Alexander et al. (2022) found that a single hypervelocity impact at
typical main-belt velocities (~ 5 km s_l) on the Santiago Papasquiaro iron meteorite introduced 2%-3%
porosity. The topography of Psyche inferred from Earth-based observations shows several depressions that could
be craters (Shepard et al., 2021) whose formation may have introduced porosity in Psyche. We therefore compute
the bulk densities of the largest and second-largest remnants, p; and pg respectively, of the collisions in the
database as

Pmetal Psilicate
p; = (100% — @) s
. ZLpsilicale + (]00% - ZL)pmelal

Pmetal Psilicate
ps = (100% — @) s
s ZSpsilicate + (100% - ZS)/)metal

2

,=7,650kgm™ and p
in the equations of state used in the SPH simulations by Emsenhuber et al. (2024). We ignore the effect of self-

where p = 3,220 kg m~3 are the density of iron and fosterite, respectively, adopted

meta silicate

compression due to gravity in our calculation because Psyche's central pressure is expected to be <170 MPa. The
latter is the pressure estimated at the center of the largest asteroid of the Solar System, (1) Ceres (Zolotov, 2020),
at which the volume of an iron core (bulk modulus of ~150 GPa) would be compressed by just ~0.1 vol.% relative
to vacuum conditions. The derivation of Equation 2 can be found in our Text S1 in Supporting Information S1.

Psyche's porosity is currently unknown; here we assume a nominal ® = 15% and run robustness tests with ®
between 5% and 20% (Section 4.1). ® = 15% is intermediate between the porosity of larger bodies, for example,
12% in the upper lunar crust and 8%—15% in asteroids Ceres and Vesta (Ermakov et al., 2014, 2017; Wieczorek
et al., 2013), and the macroporosity of smaller asteroids such as (433) Eros and (162173) Ryugu (~20%; Tonge
et al., 2016; Wilkison et al., 2002; Grott et al., 2020; Herbst et al., 2021). We limit our robustness tests to
5% < ® <20% because invoking a giant impact to form a Psyche with ® < 5% may be superfluous as the metal
content necessary to match its current density would be within 1-standard-deviation of the bulk solar system value
(~16 vol.%; Palme & O’Neill, 2003), and because @ >20% may correspond to rubble-pile interior structures
(Ballouz et al., 2024; Consolmagno et al., 2008). The modeling of the latter is beyond the current capabilities of
our impact and thermal model, but should be addressed by future studies.

In the database of collisions, we identify those impact simulations that result in a remnant whose mass and bulk
density are within 1 standard deviation of those measured for asteroid Psyche: Mpgycp. = 4.02 & 0.04 X 107° Mg
and ppgycpe = 4,172 + 145 kg m~3, respectively (Farnocchia et al., 2024). We investigate two possible scenarios in

which proto-Psyche may lose its mantle in a giant impact and evolve into Psyche (Figure 2; Videos S1 and S2).

In the first scenario (top panels of Figure 2), proto-Psyche is the target of a catastrophic giant impact that strips
most of its mantle. Psyche survives the collision with an enhanced core-mass fraction. We assume that the
collision is sufficiently energetic to shatter the mantle of proto-Psyche and disperse its fragments. In this scenario,
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proto-Psyche has a mass and core-mass fraction equal to M7 and Zz, respectively, and we search for those
collisions in the database that yield My ~ Mpgcn. and p;, & pPpgyene Within one standard deviation.

The catastrophic disruption of proto-Psyche as the target is expected to form a family of asteroids (Michel
et al., 2003), but no collisional asteroid family is currently associated with Psyche (e.g., Nesvorny et al., 2015). A
possible explanation for the absence of a Psyche collisional family is that the giant impact occurred so long ago
that its fragments were driven out of the main belt zone by early dynamical processes related to the migration of
the giant planets (e.g., Deienno et al., 2018). However, this mechanism would be just as likely to get rid of Psyche
as the fragments themselves. Alternatively, Psyche may have been implanted in the belt after losing its mantle
following terrestrial planet formation, akin to what is proposed by Bottke et al., 2006 for the iron-meteorite parent
bodies, or as the result of an orbital instability of the giant planets, analogous to what Avdellidou et al., 2024
proposed for asteroid (161) Athor (see Raymond & Nesvorny, 2022, for a review on implantation models for the
main-belt region).

Fragments from the mantle of one or more differentiated bodies may have spread across the entire asteroid belt in
the form of olivine-dominated asteroids (i.e., spectral type A; DeMeo et al., 2009). The evidence for disrupted
differentiated bodies in the main belt, however, is challenging to interpret, because the A-type asteroids are
overall small and rare; they are currently estimated to account for <0.16% or 2.0 & 0.2% of all main-belt objects
larger than 2 km according to DeMeo et al. (2019) and Delbo et al. (2025), respectively. Notably, recent studies
revealed the existence of asteroid families whose parent bodies could have been differentiated planetesimals
(Avdellidou et al., 2025; Galinier et al., 2024). It is therefore conceivable that a larger number of differentiated
asteroids exist than currently known (Rider-Stokes et al., 2025; Schultz & Milliken, 2025), but their true nature is
concealed by a veneer of chondritic materials on their surfaces, of either exogenic (Libourel et al., 2019) or
endogenic origin (i.e., a chondritic crust that survived partial differentiation; Weiss & Elkins-Tanton, 2013).
Other proposals to explain this puzzling lack of olivine-dominated asteroids include their preferential accretion by
the terrestrial planets (Bottke et al., 2006) or their preferential disruption by later impacts (Burbine et al., 1996).

Another proposal is that metal-rich asteroids form via hit-and-run collisions, in which the mantle of a projectile
body is sequestered by a larger target body, frustrating the formation of collisional families of asteroids with
mantle-like compositions (Asphaug, 2017; Scott et al., 2015). This motivates our second possible scenario for
forming a metal-rich asteroid (bottom panels of Figure 2): a metal-rich asteroid is not the target but rather a
projectile that grazes a larger target. The projectile loses its mantle, surviving as a metal-rich second-largest
remnant and escaping the impact locus with an enhanced core-mass fraction. In this scenario, proto-Psyche
has a mass and core-mass fraction equal to Mp and Zp, respectively, and we search for those collisions in the
database that yield Mg ~ Mpgyehe and pg ~ ppgycne Within one standard deviation.

After a hit-and-run collision, because the orbits of the target and escaping projectile still cross, the latter can strike
back initiating a collision chain (Asphaug et al., 2021; Chambers, 2013; Cambioni, Jacobson, et al., 2021;
Emsenhuber & Asphaug, 2019). About half of giant impacts between terrestrial planets are estimated to be hit-
and-run collisions (Asphaug et al., 2006; Emsenhuber et al., 2020). Based on this, Asphaug and Reufer (2014)
argued that Mercury- and Psyche-like bodies are likely to form in chains of 1-2 and 3-5 hit-and-run collisions,
respectively. Even just a single collision was also shown to be sufficient to form metal-rich planetesimals, albeit
with a lower probability. Formation of Psyche through multiple collisions would suggest that Psyche and other
M-type asteroids formed in a dynamically excited region where planetary embryos were common.

The Mercury formation scenario advanced by Asphaug and Reufer (2014) has been corroborated by improved
planet formation models with collisional fragmentation (Cambioni, Jacobson, et al., 2021). By contrast, the
statistics for Psyche have yet to be tested using planet formation models. Hence, key parameters that would affect
the thermal state of a Psyche formed in a collision chain, such as the delay between collisions and their energetics,
remain unconstrained. We therefore model only the single hit-and-run collision scenario explicitly and discuss
implications for a collision chain in Sections 4.1 and 4.2.

3. Thermal and Dynamo Evolution of Psyche

For a given giant-impact scenario, we model the thermal and dynamo magnetic-field evolution of Psyche before
and after the giant impact as a function of the radial position within the body and time using a combination of
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published models. To model accretion, differentiation, and magma ocean convection, we build upon the approach
by Dodds et al. (2021) (see also the more updated version by Sanderson et al., 2024). We build upon these types of
models because they simulate gradual accretion of planetesimals as opposed to most previous studies that
assumed instantaneous accretion (e.g., Bryson et al., 2019; Elkins-Tanton et al., 2011). We discuss the expected
accretion timescales for proto-Psyche in Section 3.1. To model the cooling of the planetesimal, we adopt the
model by Nimmo (2009) for the case of outward core solidification and Scheinberg et al. (2016) for the case of
inward core solidification. A description of the different stages of the thermal model and how we integrate it with
the impact model are in panels a and b, respectively, of Figure 3. We describe the model setup and choice of
parameters in Section 3.1 and the thermal evolution model for planetesimals from accretion to core solidification
in Sections 3.2 and 3.3.

In our model, heat transfer occurs either through thermal diffusion, solid-state convection, or advection. To solve
the thermal diffusion equation, we adopt a forward-in-time centered-in-space flux conservative scheme with a
time step, dt, of 600 years and radial node spacing, dr, of 1,000 m, with an initial porosity of 25% for the unmelted
building blocks. The time step is 5 times smaller than the minimum value necessary for convergence of the
thermal diffusion equation [i.e., what is needed to meet the Courant—Friedrichs—Lewy criterion (CFL); Text S2
and Figure S2 in Supporting Information S1]. While the CFL is a necessary but not sufficient criterion for
convergence, we do not find any unstable case in our analysis. Our simulations conclude when the core has
achieved bulk solidification (i.e., when everywhere in the core the temperature is below the solidus temperature).

3.1. Model Setup and Parameter Choice

Numerical simulations and measurements of the size-frequency distribution of main-belt asteroids suggest that
planetesimals may have formed with initial radii ranging from 50 to several 100s of km via the streaming
instability (e.g., Delbo’ et al., 2017; Morbidelli et al., 2009; Youdin & Goodman, 2005). Thermal models
informed by laboratory measurements suggest that the proto-parent bodies of known iron meteorites completed
their accretion within at most 1 million years (Myr) after the formation of calcium—aluminum-rich inclusions
(CAIs) (Scott, 2020, for areview). Accretion ages within 1 Myr after CAI-formation for the iron meteorites parent
bodies are consistent with their core formation ages within ~4 Myr after CAl-formation (Hellmann et al., 2024).
We therefore assume that proto-Psyche was born as a 100-km-radius planetesimal that formed instantaneously at
0.2 Myr after CAI-formation and grew in 0.8 Myr to radius Ry or Rp, depending on whether proto-Psyche was the
target or the projectile of the giant impact, respectively.

We assume that the building blocks of proto-Psyche are mainly composed of iron (Fe) and silicates. We also
include radiogenic aluminum (*°Al) and sulfur because these are a key heat source in the early Solar System and
the most abundant light element in iron meteorites, respectively (Chabot, 2004; Weiss & Elkins-Tanton, 2013).
Note that heating from the decay of radiogenic ®*Fe may also affect the thermal state and dynamo history of a
planetesimal if ®°Fe/*°Fe > 1 x 1078 (Sanderson et al., 2024). Namely, if the planetesimal's radius is larger than
100 km, higher ®°Fe/>*Fe quickens the onset of a thermal dynamo to 1-2 Myr after CAl-formation and increases
the peak strength of the magnetic field with respect to the case with heating from 2°Al-decay only (Sanderson
etal., 2024). However, as we shall see in Sections 4.1 and 4.2, while proto-Psyche may have been large enough to
generate an early thermal dynamo before the giant impact, Psyche is unlikely to retain a memory of this dynamo to
this day because the loss of the mantle erased any NRM predating the mantle-stripping event. If the giant impact
occurs before 8 Myr after CAI-formation, the radiogenic decay of any residual *°Fe could contribute to powering
a post-impact thermal dynamo if the highest confidently observed value in meteorites of **Fe/*°Fe (i.e., 6 +
2 x 1077, Cook et al., 2021) is assumed, in which case the thermal dynamo is nevertheless weak (Figure S1 in
Sanderson et al., 2024) and only the outermost <10 km of Psyche acquire an NRM (Section 4.2). We therefore
make the simplifying assumption that “°Fe/**Fe = 0 in our model.

We explore the thermal evolution of proto-Psyche and, after the impact, Psyche itself as a function of two var-
iables: the sulfur content of their building blocks by weight, X, and the timing of the giant impact, 7g;. We vary X
between 0 and 20 wt.%, which is the range inferred for the proto-parent bodies of the iron meteorites (Cha-
bot, 2004). We vary #g; between the end time of differentiation and the solidification time of the core, when our
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Figure 3. Thermal and impact model of asteroid Psyche. (a) Schematic showing the different phases of the thermal model as a function of time (from left to right). The
rectangles are cross sections of the planetesimal color-coded by temperature. The color bar on the right indicates the approximate value of characteristic temperatures in
the model (from bottom to top): surface temperature (~200 K); sintering temperature of the building blocks following accretion (~700 K); eutectic of Fe-FeS mixture
composing the core after differentiation (~1,700 K); liquidus temperature of pure iron (~2,000 K). For the definition of the symbols, see text. (b) Flowchart of how we
integrated the thermal model of panel a with the impact model. The inputs, outputs, and intermediate steps of the model are in red, blue, and black respectively. The
rectangular boxes indicate either steps of the model or inputs. The diamond-shaped boxes designate an evaluation that affects the flow. X indicates the sulfur mass fraction
of the core after differentiation has completed, which is equal to the sulfur content of the building blocks. 75, indicates the timing of the giant impact, which in our model can
occur anytime between the end of core formation to the end of core solidification (as graphically indicated by the dashed-line arrows).

thermal simulations end. When the giant impact occurs, we update the body's internal structure (mass, surface
radius, radial distance of the core-mantle boundary, and distribution of silicates and metals) based on the outcome
of the giant-impact model.
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We choose X as a free variable because a low sulfur content accelerates core solidification by increasing the
liquidus temperature and, under certain circumstances, may promote compositional convection (Nimmo, 2009;
Scheinberg et al., 2016; see also Section 3.3 herein). The GRNS onboard the Psyche spacecraft will measure the
sulfur content of Psyche's upper meter with a detection threshold of 3 wt.% (Lawrence et al., 2025). This enables
us to convert our theoretical findings into testable predictions.

We choose 7g; as the second free variable because the time of the giant impact relative to core solidification affects
the thermal structure of the body (Section 4.2). Moreover, dynamical models and observations of main-belt
asteroids predict different velocity distributions for collisions between small bodies at different times during
Solar System history (Bottke et al., 1994; Carter & Stewart, 2020). This enable us to investigate the likelihood that
giant impacts with different velocities occur as a function of time.

3.2. From Accretion to the Onset of Core Cooling

We model the thermal evolution of Psyche from the beginning of accretion to the onset of core cooling using the
model by Dodds et al. (2021) (software: Dodds, 2020). We describe the model and how we edited it for our study
in Sections 3.2.1-3.2.3.

3.2.1. Accretion of Proto-Psyche

If Psyche is a core, proto-Psyche was likely a sufficiently large planetesimal to survive super-catastrophic
disruption, but not the largest body in its population, which would have had nothing larger than itself to
impact into (Asphaug, 2010). We therefore assume that proto-Psyche grows following the exponential accretion
model by Neumann et al. (2012), which is intermediate between the linear accretion model appropriate for small
planetesimals and the “asymptotic” accretion experienced by the oligarchs of a population. Under this
assumption, proto-Psyche grows from its initial radius of 100 km to the radius predicted by our collisional model
(i.e., Ry or Rp depending on whether Psyche is the target or the projectile, respectively; Figure 2) by exponentially
accreting materials onto its surface (e.g., Equation 3 in Dodds et al., 2021). The accreted material is at initial
temperature of 200 K, has a grain density of 3,500 kg m~3, and an initial porosity of 25% similar to that of CI/CM
carbonaceous chondrites (Macke et al., 2011; Opeil et al., 2020). As the planetesimal grows, it heats up due to the
decay of radiogenic 26 Al (half-life of 0.717 million years). As in Dodds et al. (2021), we do not model the effect of
accretional heating as this is negligible compared to the heating provided by the decay of 2°Al (Text S3 and Figure
S3 in Supporting Information S1; see also Elkins-Tanton et al., 2011).

During planetesimal accretion, we evolve the conductive radial temperature profile in the body by solving the
one-dimensional radial diffusive heat transfer equation

oT 1 0 oT
s o— = — —| ko’ — | + H, 3
PoCr0gy = 2 dr( oF ar> + 3)

where T(r,1) is temperature as a function of the radius from the center of the planetesimal and time (r and ¢,
respectively), and H is the heating power per unit volume from the decay of 2 Al. The density, p,, heat capacity,
¢p,0, and thermal conductivity, ko, of the building blocks vary as a function of porosity, which in turns varies as a
function of radius and temperature as a result of sintering and compaction of pore spaces following the model by
Dodds et al. (2021). As boundary conditions, we impose at the surface a fixed temperature T(R,7) = 200 K
maintained by surface accretion of cold material and regularity [d7(0,7)/0r = 0] at the planetesimal center (see
Dodds et al., 2021, for a justification of these conditions).

The material is assumed to completely sinter and lose its porosity as the planetesimal heats up above 700 K
(Yomogida & Matsui, 1984). Note that proto-Psyche may have incorporated substantial water ice depending on
its formation location (Elkins-Tanton et al., 2022). Water ice may delay melting in planetesimals by removing
heat from their interior via porous water convection. For an accretion time of 0.5 Myr after CAl-formation, a
40-km planetesimal containing 20-30 wt.% water ice would undergo core formation ~0.5—1 Myr later than bodies
containing no water ice (Spitzer et al., 2021). However, planetesimals larger than Psyche are predicted to melt and
experience rapid core formation even with 50 vol.% water ice content as long as they accrete within 1.6 Myr after
CAl-formation (Castillo-Rogez & Young, 2017, for a review). Given that proto-Psyche is by definition larger
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than Psyche and is assumed to have completed accretion within 1 Myr after CAl-formation, we do not consider
the effect of water ice on melting timing herein. Future studies should however explore possible ice-rock dif-
ferentiation in a water-ice-rich proto-Psyche that accreted at later times.

3.2.2. Differentiation and Magma-Ocean Convection

After material sintering and compaction reach completion at an internal temperature of 700 K, the planetesimal
continues to heat up from 2°Al decay and convection in melted regions can occur. As in Dodds et al. (2021), we
treat 20Al as well mixed throughout the magma ocean. Note that rapid, upwards migration of 2° Al-melt could lead
to heat-source heterogeneity, increasing the viscosity of the interior, hindering magma ocean convection and
slowing core cooling, and thus potentially inhibiting the generation of thermal dynamo fields during this phase of
the planetesimal's evolution (Neumann et al., 2014). However, as we shall see in Section 4.1, this process is
unlikely to affect our results because regions in Psyche which acquired an NRM during the phase of mantle
convection are stripped away by the giant impact.

Convection starts in the region of the planetesimal where the local Rayleigh number

PmOmgr [T(r,t) — T(0,1)] .

Kintlm

Ra(r,f) =

Ra,, )

where a,, is the thermal expansivity of the silicates, g is the local gravity, k,, is the thermal diffusivity of the
silicates, 7,, is the silicate viscosity that varies as a function of radius and temperature, and Ra,, is the critical
Rayleigh number required for a given radius to start convecting (Equation 18 in Dodds et al., 2021). The viscosity
1,, 1s here modeled using the approximation in Section 2.2 of Dodds et al. (2021). We adopted this approximation
and not more advanced prescriptions by Sanderson et al. (2024) because while the latter better capture the change
in slope at the solidus and has a steeper gradient in viscosity at the critical melt fraction, they are based on several
physical parameters that are currently poorly constrained (Sanderson et al., 2025).

The thermal evolution of a planetesimal strongly depends on the assumed value of x,, which controls the overall
heat loss from the surface. For example, Dodds et al. (2021) found that higher values of «,, correspond to earlier
thermal dynamo onset times at smaller critical core radii. In particular, if part of the undifferentiated lid is
composed of unconsolidated rock fragments (e.g., regolith), the heat loss from the body may be substantially
reduced (e.g., Sahijpal, 2022). In our nominal model, we assume that the silicate mantle had everywhere a single
value of thermal diffusivity (x,, =5 x 1077 m? s~!, Table A2), which is within the range measured for chondrites
(Opeil et al., 2010), and explore the robustness of the results to the presence of a 1-km-thick surface regolith layer

in Section 4.2.

After a portion of the body starts convecting, the liquid metal in that region is segregated toward the center of the
planetesimal to form a core. Metal melting at the local scale initiates when the internal temperature reaches the
eutectic temperature (e.g., Scheinberg et al., 2016). The metal melt is denser than the surrounding solid silicates
and thus may percolate to the center of the body. As in Dodds et al. (2021), we assume that convection aids the
creation of melt pathways along which the iron and troilite (FeS) can flow toward the center of the planetesimal.
Under this assumption, core formation occurs within a few Myr after CAl-formation, a time consistent with the
measured hafnium-tungsten ages of magmatic iron meteorites (0.6-2 Myr after CAl-formation; Scott, 2020, for a
review). Any liquid metal is added instantaneously to the core, but the radial position where the metal is added
depends on its temperature. If the new metal melt is hotter than the core, it remains on top of the latter as a result of
thermal buoyancy; otherwise, it sinks into the warmer core material and thermally equilibrates with it.

The metal-depleted region forms a convecting silicate magma ocean. The magma ocean is modeled as an
isothermal fully mixed region whose temperature, 7, is initially equal to the average temperature of the
differentiated portions of the planetesimal (the core's temperature is initially set to the same value). T,, evolves
over time as a result of conductive heat exchange with the overlying undifferentiated lid whose bottom is at a
radial position R4 (Figure 3a) and with the underlying core. We assume that all 2° Al partitions into the mantle due
to its lithophile nature and that addition, mixing, and temperature changes of silicates to the magma ocean occur
instantaneously. In the undifferentiated lid, heat transfer is still diffusive and controlled by Equation 3. The
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undifferentiated lid and the magma ocean are separated by a “slurry-like magma ocean” boundary layer at a
distance Rjjy (Equations 19 and 20 in Dodds et al., 2021) through which heat is also transferred by conduction.

3.2.3. Onset of Planetesimal Cooling

By 3—4 Myr after CAl-formation, the mantle of the planetesimal no longer contains any appreciable radiogenic
heat sources because all *°Al has effectively decayed. Therefore, the magma ocean and any remaining undif-
ferentiated lid start to cool. Initially, the heat is still transferred from the magma ocean to the core because the
former is hotter than the latter. As the magma ocean and the CMB become colder than the core, the core starts
losing heat. Heat may be lost diffusively if the heat flux out of the CMB is subadiabatic, and/or by convection
once portions of the core are no longer stratified. We use the model by Dodds et al. (2021) to simulate the thermal
evolution of the planetesimal in both phases and the transition between the diffusive regime to the convective
regime. The latter occurs when the top of the core becomes colder than at higher depths and any thermal strat-
ification is progressively eroded by convection.

As the core starts cooling, its internal structure consists of a central core that is, still thermally stably stratified
(i.e., T/0r>0) and passes heat diffusively, overlain by a convective, well-mixed region whose bottom is at
radius R, that initially is just a few kilometers below the CMB (see definition in Figure 3a). The temperature of
the well-mixed region of the core, 7., evolves over time as described in Equation 27 in Dodds et al. (2021). We
derive the density p, and specific heat capacity ¢, . of the molten core materials from equations of state derived
from laboratory measurements of the thermodynamics of Fe-FeS mixtures (Text S4 and Tables S1 and S2 in
Supporting Information S1).

In this phase, the magma ocean continues to thermally evolve as described in Section 3.2.2. Because the magma
ocean is now cooling, both boundary layers at its top and bottom grow, resulting in a smaller convective thickness
and thus a decrease in the Rayleigh number. When the Rayleigh number of the magma ocean becomes subcritical,
convection in the magma ocean stops and the mantle starts cooling diffusively.

3.3. Core Cooling and Solidification

After the planetesimal's magma ocean stops convecting and starts cooling diffusively, the core eventually reaches
its crystallization temperature, T;(Xs, P) (i.e., the liquidus temperature of the Fe—FeS mixture at the given X and
pressure, P). If the liquidus temperature increases with depth (pressure) more rapidly than the adiabat, we assume
that solidification would start at the center; conversely, solidification would start at the CMB (Scheinberg
et al., 2016; Williams, 2009). We compute the slopes of the liquidus and the adiabat from thermodynamics (Text
S4 and Figure S4 in Supporting Information S1). In the Figure S5a in Supporting Information S1 we show that the
onset of core solidification at the center or at the CMB are both possible in planetesimals depending on Xs. This is
consistent with the findings by Williams (2009) and Xu et al. (2021) that the liquidus can be steeper than the
adiabat even for small bodies, provided that these are sufficiently sulfur-depleted. Note, however, that the
behavior of T;(Xs, P) at the low (<2 GPa) internal pressures of planetesimals is currently debated owing to the
scarcity of experimental constraints in that regime (Dodds et al., 2025; Williams, 2025). Future studies should
better constrain 7;(Xs, P) for differentiated planetesimals to allow for a more accurate determination of their core
crystallization history. We describe the consequence for the mode of core crystallization in the following Sec-
tions 3.3.1 and 3.3.2. Hereafter, the symbol A indicates the ratio between the liquidus slope and adiabat slope.

3.3.1. Outward Solidification

Upon cessation of magma-ocean convection, if A > 1 and T, < T;(Xj, P), the core of a small body would start
solidifying outwardly (Figure 3a) by growing a sulfur-depleted inner core of radius R; at a rate

dR; _ 1 T, )
dt  T.(a.gA/c,. —2R/T?) ot

where I' = [3c,./ (27taL.p€G)]O'5 is the adiabatic scale height of the temperature profile within the core (Equa-
tion 5 is obtained by combining Equations 7 and 8 in Nimmo, 2009). We compute the thermal expansivity of the
molten metal, a,, from thermodynamics (Text S4 in Supporting Information S1). d7./d¢ is the temperature
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variation of the core due to secular cooling computed by equating its cooling to the heat flux extracted from it by
the mantle. We assume that the temperature profile within the molten portion of the core is adiabatic (Lab-
rosse, 2003) and described by

(2 _p2
T(r) = Tcmp €xp [%RCMB)], (6)

where Typ decreases through time due to the extraction of heat from the core by diffusion into the mantle. As the
crystallization of the core proceeds and the residual melt is continually enriched in sulfur, A approaches 1 in the
residual metal melt (Figure S5a in Supporting Information S1), halting the growth of an inner core and promoting
inward solidification. When A = 1 is met, our model switches from outward to inward core solidification. We
describe inward solidification in the following Section 3.3.2.

3.3.2. Inward Solidification

If A< 1 and T, < T,(Xs, P), core solidification initiates at the CMB and proceeds inwardly. The prediction that
some planetesimals' cores underwent inward core crystallization is consistent with the measurement by Yang
et al. (2008) of an inverse relationship between cooling rate and nickel (Ni) abundance in IVA iron meteorites,
which indicates inward crystallization of the IVA parent body. The solidification front may either advance
concentrically toward the center of the planetesimal at the same rate anywhere along the CMB, or fractionally
through the development of dendrites and trapped regions of liquid melt and/or nucleation of free crystals
(Scheinberg et al., 2016).

For the solidification front to grow concentrically, sulfur excluded from the solid must have enough time to
diffuse away from the diffusive boundary layer near the growth front at the outer-core boundary at a radius Rocg
(Figure 3). This would occur if the growth rate of the solidification front is much larger than the radial rate at
which crystals grow at the OCB (Scheinberg et al., 2016). In the Text S5 and Figure S5b in Supporting Infor-
mation S1, we show that this condition is never met for the model parameters listed in Tables A1 and A2, such that
concentric inward solidification is disfavored and fractional inward growth is more likely to occur. This is
consistent with the finding by Scheinberg et al. (2016) that the growth rate of the solidification front is two orders
of magnitude smaller than the radial rate at which crystals grow for a representative heat flux of 6 W m~? at the
OCB and core sulfur content of 3 wt.%.

Fractional growth may occur through the growth of dendrites (Scheinberg et al., 2016), possibly accompanied by
delamination of materials from the CMB (Neufeld et al., 2019), and/or nucleation of free crystals at the CMB
(Scheinberg et al., 2016). In case of dendritic growth, the only power available to drive convection in the core and
thus a dynamo is secular cooling in the liquid beneath the solidification front. If viscous delamination or crystal
nucleation occur, the sinking of these materials may create additional buoyancy forces that would contribute to
power a dynamo. If the iron-rich crystals are reheated to their melting temperature during their descent, their
melting would liberate iron-rich liquid whose sinking can also produce turbulent convection. This model, termed
iron snow, was proposed to explain why Jupiter's moon Ganymede has an active dynamo (e.g., Riickriemen
et al., 2015). However, it is unclear whether planetesimals' cores can solidify through iron snow. This is because
planetesimals are an order of magnitude smaller than Ganymede is and experience a minimal adiabatic tem-
perature difference in their interiors, which may prevent remelting of free crystals (Dodds et al., 2025; Huguet
et al., 2023). Future studies will need to assess whether some crystals may remelt and whether this is sufficient to
run a dynamo in planetesimals' cores.

In this study, we aim to develop a robust framework to understand under what circumstances the detection of an
NRM by the Psyche spacecraft Magnetometer indicates that asteroid Psyche generated and recorded its own
dynamo (which would be diagnostic of it being a core), or instead that Psyche was magnetized by nebular fields.
Motivated by this, here we assume the most restrictive, least energetic mode of inward solidification, which is the
mechanism of dendritic growth. If we can show that asteroid Psyche was able to generate and record its own
dynamo in this “worst case” scenario, by implication our conclusion would hold in more energetic, more efficient
scenarios too. The prediction that some planetesimals underwent dendritic inward core crystallization is
consistent with the fractionation patterns measured for S and trace elements in the IIIAB iron meteorites (Chabot
& Zhang, 2022; Haack & Scott, 1993), and that the direction of crystallization in the IIIAB Cape York iron

CAMBIONI ET AL.

13 of 38

85U8017 SUOLILLIOD 3AEa.0 3(qeot|dde aup Ag peueAob afe SSolie VO ‘8sn J0 SNl 1o} ARIqIT8UIIUO /8|1 UO (SUORIPUOD-PUR-SWLBHWI0D A8 |Im A eIq 1 U1 |UO//SANY) SUORIPUOD PUe Swis | 8U} 89S *[9202/90/8T] Uo Afeiq18ul|uo A8|IM ‘2TE60030S5202/620T 0T/I0p/wo A8 |imAselq i putuo'sgndnfe//sdny wiouy pepeojumod ‘T ‘9202 ‘00T669TZ



Ay
M\I Journal of Geophysical Research: Planets 10.1029/2025JE009317
AND SPACE SCIENCES

Table 1

Mechanisms That Can Drive Core Convection in Planetesimals Considered in This Study

Phase or scenario Driver of core convection Characteristic speed u (m/s) Scale height / (m)

Before the cessation of magma-ocean convection Secular cooling of the core [ZEGa(. Rews deer/ 2 Rev — Reon
Cp,c

Inward fractional core solidification Secular cooling of the core [(Po _ ps)[:|1/ 8 Rocs — R;
Vep,

Outward core crystallization Bottom release of light elements R, (4xGap ar 7> Rems — R;

0.85 S (=g &)

Note. The table lists the drivers of convection in the core in the different phases of the planetesimal's thermal history and corresponding characteristic speed, u, and scale
height, /, which we use to compute the magnetic Reynolds number Re,, = ul/A, where 1 is the magnetic diffusivity.

meteorites was horizontal rather than vertical as expected for concentric plane front crystallization (Haack &
Scott, 1992).

We model the inward dendritic solidification scenario following the approach by Scheinberg et al. (2016). We
evolve the temperature profile in the mantle using the same formalism as described in Equation 3, but with
H = 0 and mantle material properties as listed in Table A2. The temperature profile in the core is adiabatic
(analogous to that of Equation 6, but computed at r = Rocp). When the temperature of the liquid shell of
volume V below the CMB reaches the liquidus, the temperature is held constant until the cumulative heat
extracted by diffusion through the mantle is equal to the latent heat of the shell, defined as p;Lg._pes V(l - ﬁ),
where f; is the fraction of the solidification front that remains liquid. The latent heat of the Fe—FeS mixture is
Lo res = Lrc(1 — Xpes) + LpesXpes, Where Li.g is the latent heat of fusion of troilite and Xg.g is the troilite
content. As in Scheinberg et al. (2016), we assume that, when the solidification of the dendrites expels sulfur,
a fraction f; = 0.8 of the sulfur remains trapped in the inter-dendritic fluid because this is the lowest value
that permits a well-mixed liquid inner core throughout solidification. The rest of the sulfur is assumed to
become well mixed with the liquid core underneath the dendritic region. When the inner core's sulfur content
reaches the eutectic value, we keep evolving the thermal structure until the heat extracted from the core is
equal to the latent heat of the inner core plus that of the inter-dendritic liquid. If the inter-dendritic liquid is
not at the eutectic, its volume, V,, diminishes over time due to solidification with rate

ov, v aT )
ot~ XT)(X) or’

where X, is the sulfur fraction of the inter-dendritic liquid at the temperature 7 computed by inverting the liquidus

function. During the final eutectic solidification, 7T is held constant until secular cooling extract an amount of heat

equal to p;Lge pes V-

3.4. Dynamo Magnetic Field Generation and Recording

During its thermal evolution, the whole or part of Psyche's core may convect and generate a dynamo magnetic
field. We assess the possibility of a dynamo by considering the core's magnetic Reynolds number, Re,, = ul/4, a
dimensionless measure of the strength of the forces in a convective environment of length scale, /, and charac-
teristic convection velocity, u, compared to the strength of the ohmic dissipation in a dynamo with magnetic
diffusivity, A. From dynamo theory, a minimum criterion for dynamo generation is Re,, = 10 (Bryson et al., 2019;
Glenn Sterenborg & Crowley, 2013; Weiss, Gattacceca, et al., 2010). What mechanism drives convection in the
core (thereby setting the values of u and /) depends on the geometry and vigor of core flows, which in turn vary for
different phases of planetesimal evolution and how the core is crystallizing. We outline these different scenarios
in the following Sections 3.4.1 and 3.4.2 and summarize the drivers of convection and corresponding u and [ in
Table 1.
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3.4.1. Dynamo Before Core Solidification

After the core has formed, the planetesimal may generate a dynamo driven by thermal convection in the core
during the early period of magma ocean convection (Dodds et al., 2021). This may occur after the supply of the
heat source from the decay of 2°Al (and ®°Fe if present; Sanderson et al., 2024) is sufficiently depleted to allow for
mantle and core cooling without the latter developing a stable stratification (Section 3.2.3). A thermal dynamo
requires that heat flux out of the core be superadiabatic such that the temperature profile is unstable to convection.
Assuming that magnetic, Archimedean, and Coriolis forces are balanced in the core, we estimate the characteristic
velocity and scale height of the convection as

25
_ | 2rGa Roms Farive

=|—) =R — Reon, 8
u CP,CQ B CMB con ( )

where Fy;,. is the net heat flux at the CMB as defined in Section 2.2 of Dodds et al. (2021) and €2 is the angular
rotation frequency of the planetesimal. We assume Q = 4 X 107 rad s~!, corresponding to the current rotation
period of Psyche (4.2 hr; Shepard et al., 2021). Note that Psyche may have been rotating faster in the past (~3 hr;
Ferrais et al., 2020), but since whether, how and when Psyche's rotation rate changed is uncertain, we do not
explore this effect herein.

3.4.2. Dynamo During Core Solidification

After convection in the magma ocean ceases, convection in the core may continue through two different
mechanisms depending on how the core is crystallizing.

For a core solidifying outward from its center, compositional convection is predicted to occur as a result of the
release of light (i.e., sulfur-rich) fluids at the bottom of the core, creating a density contrast Ap with respect to their
surroundings. We model this scenario as in Nimmo (2009), where the characteristic velocity and scale height are

RYos (47GAp dR\
u=0.85 QI/S 3 E . [= RCMB - Ri' (9)

For inward dendritic solidification from the CMB, secular cooling in the liquid beneath the solidification front is
the only possible driver of convection. In this scenario, a thermally driven dynamo may occur if the secular
cooling drives a convection vigorous enough to be able to entrain the sulfur that is, expelled from the solidifying
iron at the CMB and well mix it with the Fe—FeS mixture composing the inner core. If sulfur were not remixed, the
liquidus temperature within the core would not decrease, and solidification would proceed at all depths simul-
taneously (bulk solidification) rather than fractionally inward, inhibiting thermal convection. Scheinberg
et al. (2016) showed that the lowest value that permits a well-mixed liquid inner core throughout solidification is
fs = 0.8. Assuming f; = 0.8, we compute u and [ of this late thermal dynamo as

1/3
u= [M] /, I = Rocg — R, (10)
Vepe

where P, is the thermodynamically available power in case of superadiabatic heat flux at the CMB, Ps is the
power required to entrain the excluded sulfur (Equations 19 and 20 in Scheinberg et al., 2016, respectively), and
V. is the core's volume. R; # 0 if Xy were initially lower than 2.5 wt.%, such that the core started solidifying
outward and then switched to inward solidification when A = 1 is reached in the overlying liquid. Note that here
fs > 0.8 is a necessary, but not sufficient condition for an inwardly solidifying core to generate a dynamo. An
inwardly solidifying core may convect so weakly that the corresponding Re,, is subcritical, such that no magnetic
field is generated.

3.4.3. Magnetic Field Recording

If Psyche underwent igneous differentiation, its constituent materials are expected to have abundant iron-nickel
(Fe-Ni) grains alloyed with some minor elements (e.g., C, S, P, Cr, Si; Goldstein et al., 2009; Maurel et al., 2019;
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Scott, 2020; Uehara et al., 2011), akin to what observed in iron and stony-iron meteorites, and basaltic achondrites
(Elkins-Tanton et al., 2020). As they cool following their crystallization, the Fe-Ni grains progressively form
different microstructures and minerals depending on their initial nickel content, cooling rate, and temperature
(Buchwald, 1975; Uehara et al., 2011; Weiss & Elkins-Tanton, 2013). For example, if the Fe-Ni grains have little
(54 wt.%) to no nickel, as they cool through ~900°C they transform from taenite, y-fcc (face centered cubic), to
kamacite, a-bce (body centered cubic) crystals, regardless of the cooling rate (e.g., Goldstein et al., 2009).
Kamacite becomes ferromagnetic as it cools through its Curie temperature (~750-780°C) acquiring a thermo-
remanent magnetization (TRM) if an ambient field is present (e.g., Uehara et al., 2011).

Here, we assume that Psyche's metal grains are nickel free and thus made of kamacite, and that these grains were
able to retain TRM until present. Kamacite is present in iron meteorites (Scott, 2020), stony iron meteorites such
as mesosiderites (Mittlefehldt et al., 1998, for a review), and primitive achondrites (Gardner-Vandy et al., 2012;
Mansbach et al., 2022, 2023). Kamacite is also common in basaltic achondrites (Duke, 1965; Goodrich
et al., 2013; Mittlefehldt, 2015; Mittlefehldt et al., 2022; Wieczorek et al., 2023). Analogously, in a differentiated
Psyche, kamacite could be present not only in its core, but also in its mantle intimately mixed with silicates or as
metal-rich sills excavated from the core by impacts (Emsenhuber et al., 2024; Shuai et al., 2024) or as dykes
formed through ferrovolcanism (Abrahams & Nimmo, 2019; Courville et al., 2025; Johnson et al., 2020). We
therefore look for regions where kamacite could have acquired a TRM throughout the body.

Note that our assumption that all metal grains in Psyche are made of kamacite is an oversimplification of a much
more complex chemical system. If the nickel content is instead 4—10 wt.% (as typically observed in iron mete-
orites; Scott, 2020) and the cooling rate is <10,000°C Myr~!, at ~300-400°C, taenite undergoes spinodal
decomposition along its high-Ni rim, forming sub-pm, high-Ni taenite islands that precipitate into a fcc para-
magnetic matrix phase (Einsle et al., 2018). These taenite islands may be preserved in materials that are sub-
sequently quickly cooled or, in slower cooled materials, they will transform into the mineral tetrataenite
(y"-Fey 5sNig 5). Martensite (a,-FeNi), a body centered cubic Fe-Ni phase with a structure similar to kamacite but
distorted by dislocations, also forms if Fe-Ni grains with >4 wt.% Ni are quickly cooled through the martensite
start temperature, which is 500-700°C for Ni contents between 4 and 10 wt.%. If an ambient magnetic field is
present, martensite and tetrataenite magnetize while cooling and crystallizing, thereby acquiring a thermo-
chemical remanent magnetization (TCRM) at the martensite start temperature and the 320°C tetrataenite crystal
ordering temperature, respectively (e.g., Bryson et al., 2014; Uehara et al., 2011). The strength and temporal
stability of TRM or TRCM acquired by kamacite and martensite/tetrataenite depends on their grain size (e.g.,
Mansbach et al., 2022; Maurel et al., 2019), and may be affected by further crystallographic transformations that
occur below their Curie temperatures (e.g., decomposition of martensite into plessite; Uehara et al., 2011).
Finally, preserved taenite may also acquire a stable TRM during cooling (Devienne et al., 2023). Future work
should explore the full complexity of how Psyche's Fe-Ni grains may acquire an NRM.

We also assume that after Psyche's Fe-Ni grains acquire an NRM, they retain it to this day regardless of their
magnetic and physical properties. This is also an oversimplification, because some NRM would decay after the
external field is removed. The relaxation time is directly proportional to the grain's magnetic coercivity, inversely
proportional to temperature (which controls the thermal energy available to erase the NRM), and depends on the
domain state (e.g., Tauxe, 2010). The domain state is a function of grain size, reaching a single domain state when
the energy required to make a domain wall is larger than the decrease in magnetostatic energy resulting from
dividing the grain into two domains. Single-domain grains are in general more stable recorders than multidomain
grains because their relaxation requires rotating the entire magnetic moment, rather than just moving magnetic
domain walls (Hubert & Schifer, 1998). Consistently, paleomagnetic studies of meteorites have shown that Fe-Ni
grains which carry an NRM that is, stable over timescales comparable to the age of the solar system tend to be in
the single-domain or single vortex states (e.g., Bryson et al., 2017, 2019; Fu et al., 2012; Nagy et al., 2017; Shah
etal., 2018; Tikoo et al., 2017). However, this does not exclude a priori that multidomain grains may also be stable
carriers, especially at the low temperatures of Psyche (150-200 K). Retention of an NRM by multidomain Fe-Ni
grains over timescales larger than the age of the solar system is theoretically possible at Psyche temperatures if the
NRM resulted from cooling through the Curie temperature, as we assumed herein (Berndt & Chang, 2018). A
large volume of Psyche's Fe-Ni grains may therefore be able to preserve an NRM regardless of their mineralogy
and physical properties. Future works should evaluate the likelihood of this event given constraints from
paleomagnetic studies and micromagnetic theory.
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4. Results and Discussion
4.1. Collisional Evolution of Psyche

From our database of ~ 24 million giant impacts (see methods and description of impact conditions in Section 2 and
Figure 2), we find 394 simulations that result in a giant-impact remnant with mass and density comparable to a
Psyche with a nominal post-impact porosity @ = 15%. Scenarios where proto-Psyche is the target (230, ~ 60%) are
slightly more numerous than those where proto-Psyche is the projectile (164, ~40%). Our results therefore indicate
that Psyche may have formed via a giant impact that stripped the mantle of a differentiated parent body. The very
small number of scenarios that form Psyche is a result of adopting a narrow set of criteria in mass and density to
define a Psyche-like remnant; for example, if we relax these criteria and search for those scenarios that form
remnants with a density greater than or equal to Psyche's and mass within a factor of 2 of it, we find 2.4 million
different cases, or 10% of the total. In any case, however, not all impact conditions are equally probable. Whether
formation of Psyche-like bodies is favored is controlled by planet formation and evolution, as we discuss below.

Figure 4 shows the Ry, Rp, Vo1, and 6,4 of the impact simulations that successfully produce Psyche analogs (see
Figure 2 for a definition of these impact conditions). Figure S6 in Supporting Information S1 provides an
analogous plot including the distributions of the masses and core-mass fractions of the colliding bodies. In
addition, Figure S7 in Supporting Information S1 shows the distribution of V.;/ V.., which we find to be
<9.5 in ~70% of the cases, and therefore well within the training domain of the machine-learning impact
model for most collision scenarios.

Based on the distributions of Figure 4, we find that proto-Psyche was a differentiated planetesimal with radius
equal to 2631’%89 km if proto-Psyche was the target and 19052 km if it was the projectile, where we report the
median and the uncertainties correspond to the 16th and 84th percentiles (i.e., the 68% equal-tailed interval). The
target sizes resemble that of asteroid Vesta (~263 km in radius), the second largest present-day asteroid. The
projectile sizes are smaller and intermediate between that of asteroids (704) Interamnia and (10) Hygiea (radii of
~166 km and ~216 km, respectively), the fourth and fifth largest asteroids. To become Psyche, proto-Psyche as
the target needs to be struck by a projectile 0.7f8:{ times its size, while proto-Psyche as the projectile needs to hit

and run onto a target 2.370 times larger.

Provided that two colliding planetesimals have the right size to form a Psyche-like remnant, Psyche analogs form in
collisions with Vo = 3.2:1):3 km s~! and V, = 3.4ﬂ:? km s~! for proto-Psyche as the target and projectile,
respectively (Figure 4). The two velocity estimates are indistinguishable within uncertainties. By contrast, proto-
Psyche is the target if the collision has 6., <32°, while proto-Psyche is the projectile if 36° <6, <60°. The
transition between the two regimes occurs at 6.,; ~ 30°, which corresponds to the collision angle at which the
center of a projectile grazes the surface of a target of equal size (Asphaug, 2010). This indicates that the scenario of
proto-Psyche as the target requires near—head-on collisions, in which most of the mantle-stripping work is done by
the projectile. Proto-Psyche as the projectile instead needs to graze the target to survive accretion or disruption. In
this scenario, the target's gravitational field does most of mantle-stripping work onto the projectile, enhancing the
core-mass fraction of the latter. The two-dimensional marginal distribution of scenarios that form Psyche analogs,
P(Psyche|V 1, 6.01), corresponds to the regimes of target erosion and erosive hit-and-run identified by previous
studies (e.g., Cambioni, Jacobson, et al., 2021; Leinhardt & Stewart, 2012).

Importantly, however, not all combinations (V,.y,6.01) are equally favorable during planet formation and evo-
lution. Grazing collisions are more likely than head-on collisions (Asphaug, 2010; Gabriel & Cambioni, 2023;
Gilbert, 1893; Shoemaker, 1962). In addition, collisions among planetesimals are expected to occur at higher
velocities after the nebular gas dissipates than at earlier times owing to dynamical excitation by the growth of the
terrestrial planets and the lack of orbital damping by the nebular gas (e.g., Kenyon & Bromley, 2006; D. P.
O’Brien et al., 2006). As we shall see in Section 5, understanding whether Psyche formed as a mantle-stripped
core before or after the dissipation of the solar nebula affects the interpretation of any detection of an NRM
by the Psyche spacecraft as bona fide evidence that Psyche generated a dynamo. This is because studies of
meteorite paleomagnetism have shown that a magnetic field of 1-150 uT was sustained in the solar nebula be-
tween 0 and 4 Myr after CAl-formation and dissipated within <1 Myr thereafter (Weiss et al., 2021, for a review).
Under certain circumstances, Psyche could have recorded this nebular magnetic field as an NRM while cooling
instead of, or complementary to, recording its own dynamo field.
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Figure 4. Psyche may be a mantle-stripped core formed via a giant impact. Shown are giant-impact conditions that
successfully reproduce Psyche if proto-Psyche was the target (black) or the projectile (red). The results assume that Psyche's
current porosity is @ = 15%. From top-left to bottom-right along the diagonal are the marginal posterior distributions of: the
radius of the target, Ry; the radius of the projectile, Rp; collision velocity, V ,;; and collision angle, €,;. Other panels are scatter
plots of these different quantities. The vertical dashed lines correspond to the cases whose thermal and dynamo history is studied
in Section 4.2. A similar plot also showing the distributions of the core-mass fractions and colliding masses is Figure S6 in
Supporting Information S1.

To investigate which Psyche-forming conditions are the most favorable, we estimate the probability P(Psyche)
that a giant impact yields a Psyche-like remnant as:

P(PSyChe) = /] P(PSYChe| Vcoll’ ecoll) P(Vcoll) P(ecoll) dacolldvcoll (1 1)
Veolls Ocon

where P(V.,) and P(6.,) are the expected distributions of impact velocity and angle (the formalism of
Equation 11 is derived from Bayesian statistics; e.g., Berkson, 1930; Cambioni, Asphaug, & Furfaro, 2022;
Efron, 2013 for a review). We explore two different distributions for P(V,): a distribution corresponding to
collisions between planetesimals before nebular gas dissipation (Carter & Stewart, 2020) and one corresponding
to collision in the modern main belt (Bottke et al., 1994), purple and green histograms in Figure 5a, respectively.
We adopt P(0.,;) ~ sin 26, derived from geometric constraints (gray histrogram in Figure 5b; Asphaug, 2010;
Gabriel & Cambioni, 2023; Gilbert, 1893; Shoemaker, 1962).

We consider the two P(Vy) distributions in Figure Sa to be end-members representative of the “early” and “late”
dynamical environments in which planetesimals collided. We define early and late in turn as follows.
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Figure 5. Psyche most likely was the projectile of a hit-and-run collision occurring > tens of Myr after CAl-formation.

(a) Probability density function of collision velocity, P(Psyche|V,;) for proto-Psyche as the target and projectile (black and
red histograms, respectively) compared to P(V,) for “early” and “late” collisions [i.e., during the nebular period and in the
modern main belt, purple and green histograms from Carter and Stewart (2020) and Bottke et al. (1994), respectively]. Ninety-
five percent of Psyches produced resulted from collisions at >2 km s~!. This corresponds to 86% of collisions in the late
scenario versus only 20% in the early collision scenario. (b) Same of panel a, but featuring the distribution of the collision angle
P(Psyche|6,,;;) from our giant-impact analysis compared with P(,,;) from geometric constraints (see text; Asphaug, 2010;
Gabriel & Cambioni, 2023; Shoemaker, 1962). The results in the Figure are for the nominal ® = 15%.

“Early” indicates the period from the formation time of CAlIs to the dissipation of the solar nebula, during which
Veon ~ 1 km/s (Carter & Stewart, 2020). Paleomagnetic studies of meteorites set the dissipation time of the solar
nebula to be at 3.94 and 4.89 Myr after CAl-formation in the inner and outer Solar System, respectively,
consistent with the observed lifetimes of extrasolar protoplanetary disks (Weiss et al., 2021, for a review). We
therefore take the pre—nebula-dissipation P(V,y) to be representative of collisions that happened within 5 Myr of
CAl-formation. After the nebular gas dissipates, impact velocities are expected to increase because the growing
planetary embryos excite the orbits of the planetesimals and make them collide at V_;; similar to the V. of the
former (~3 km s~! for Moon-to-Mars-sized bodies; Asphaug, 2010).

“Late” instead indicates the period starting when the main asteroid belt acquired its current velocity distribution
(Bottke et al., 1994). When the asteroids reached their present-day orbital distribution is uncertain, but broadly
understood to coincide with the end of planet formation, roughly tens to hundreds Myr after CAl-formation.
Terrestrial planet formation is traditionally assumed to conclude with the Moon-forming giant impact
(Asphaug, 2014), estimated to have happened 50-100 Myr after CAI-formation (Kleine et al., 2009), followed by
a period of late-veneer accretion lasting for hundreds of Myr (Marchi et al., 2013). Based on the preservation of
binary objects in the trans-Neptunian region (Nesvorny et al., 2018), the upper limit for when the Moon formed
coincides with that estimated for the timing of the giant-planet instability—an event that strongly affected the
orbits of asteroids and potentially depleted the asteroid belt (e.g., Clement et al., 2019; Liou & Malhotra, 1997,
Nesvorny et al., 2017). These models indicate the giant-planet instability occurred within 100 Myr of CAI-
formation (Nesvorny et al., 2018). Additional constraints come from modeling the collisional evolution of the
primordial trans-Neptunian belt, and how that population went on to bombard the giant planet satellites as well as
Jupiter's Trojan asteroids (Bottke et al., 2023, 2024). These models suggest that the giant-planet instability likely
occurred a few tens of Myr after the dispersal of the solar nebula. We therefore take the modern main-belt P(V;)
to be representative of collisions that happened > tens of Myr after CAI-formation.

Assuming @ = 15%, we find (Table 2) that the most favorable scenario for producing Psyche in a single giant
impact is via a late hit-and-run collision with proto-Psyche as the projectile. This scenario is ~1.6 times more
favorable than an early hit-and-run collision, and ~1.8 and 1.6 times more favorable than the scenarios in which
proto-Psyche is the target of an early and late giant impact, respectively. The projectile scenarios are more favorable
to produce a Psyche than the target scenarios because P(0..; < 32°) = 29%, while P(36° < 6,y <60°) = 40%. In
addition, 95 percent of Psyches produced resulted from collisions at >2 km s~!. This corresponds to 86% of
collisions in the late scenario versus only 20% in the early collision scenario, favoring a late formation of Psyche as a
core more than tens of Myr after CAI-formation.
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Table 2
Probability of Psyche-Forming Collisions

D =5% O =10% D =15% D =20%
Early Late Early Late Early Late Early Late

Target —-50% —66% —74% —50% —86% —56% —89% —47%
Projectile MP —-38% MP —2% —56% MP —-95% MP

Note. Probability P(Psyche) of forming Psyche in different giant impact
scenarios as a function of whether Psyche is the target or the projectile of
the collision (rows) and the timing of the giant impact (columns; see text for
the definition of early and late), for different values of Psyche's current
porosity, ®. The likelihoods are computed by means of Equation 11 and
expressed relative to the P(Psyche) of the most probable (MP) case. For
example, for @ = 15% (our nominal scenario, Section 2), the case that Psyche
is the target of an early giant impact is 86% less favorable than the most
probable scenario, which is that Psyche is the projectile of a late giant impact.
We refrain from providing absolute probabilities of forming Psyche by either
of the two impact mechanisms owing to the large number of assumptions and
uncertainties in our calculations. Future studies should compute the absolute
likelihood that the different scenarios proposed herein can form Psyche, given
that a single Psyche-mass object is known. A late hit-and-run collision

is favored for @ > 10% while for ® = 5%-10% (a value closer to that of
asteroids Ceres and Vesta, Ermakov et al., 2017), the favored scenario is an
early collision.

Our finding that proto-Psyche as the projectile is the favored scenario is robust
for ® between 5% and 20%, which is the range of values that we explore herein.
However, when such a hit-and-run is more favored to have occurred does
depend on ®. Namely, a Psyche-forming hit-and-run collision occurring
before the dissipation of the solar nebula is favored if ® < 10%, while a later
giant impact is otherwise favored (Table 2; Figure S8 in Supporting Infor-
mation S1). A Psyche with a porosity ® ~ 10% would have metal content of
~50 wt.% based on Psyche's current bulk density (Equation 2).

We interpret the trend between timing of the giant impact and Psyche's current
porosity as follows. If Psyche's current porosity is lower, its metal content
must also be lower to match Psyche's measured bulk density. For a given
colliding pair, Psyche analogs with lower metal content form by giant impacts
that are less erosive (less energetic). This corresponds to a distribution of
collision velocities that more closely resembles that of collisions during the
nebular period, which in turn favors the case in which the giant impact occurs
before nebular-gas dissipation. This result is largely robust against the cut-off
in Vo in our giant-impact model, as the fraction of collisions with Vg > 9.5
Vese for @ < 10% is lower than 17% and 14% for proto-Psyche as the target
and projectile, respectively.

Finally, the above results are valid under the assumption that the mantle
stripping of proto-Psyche is achieved via a single giant impact. If we instead
posit that proto-Psyche lost its mantle in a collision chain (e.g., 3-5 events as
argued by Asphaug & Reufer, 2014), the work of stripping the mantle of

proto-Psyche would be divided into multiple, lower-energy collisions whose cumulative erosive power totals that

of a single, higher-energy hit-and-run collision. Therefore, for a given colliding pair, each collision in a chain

would tend to occur at lower V. than in the case of a single hit-and-run collision, as supported by results from
planet formation models, albeit for collisions among terrestrial planets at 1 AU (Emsenhuber & Asphaug, 2019).
Because lower-velocity collisions are favored before the dissipation of the nebular gas, the plausibility of an early

formation scenario improves with the increasing number of collisions in a chain.

4.2. Thermal and Dynamo Evolution of Psyche

In this Section, we study two representative formation and evolution histories for Psyche (one for the scenario of

proto-Psyche as the target and another for the projectile case) using the thermal model described in Section 3. For

both histories, we explore if, when and how a dynamo is recorded as TRM in kamacite as a function of the sulfur

content of Psyche’s building blocks, X, and the timing of the giant impact, #5; (Figure 6). We plot the dynamo and
thermal history for cases with the lowest and highest X and #5; in Figure 7, left and right columns, respectively.

The cooling rate of a planetary core is controlled primarily by how efficiently the overlying mantle conducts heat

(the thermal diffusivity of silicates is about an order of magnitude smaller than that of metals; e.g., Dodds

etal., 2021). The giant impact strips mantle materials that were thermally insulating the core. This accelerates core
cooling, consistent with previous impact studies (Ciesla et al., 2013). Faster cooling causes core crystallization to
occur sooner (Figure 6, panels a, b) and, for Xy < 2.5 wt.%, can initiate a compositional dynamo (Figure 7, panels
a and c). However, the growth of the inner core is short-lived because the exsolution of sulfur in the liquid outer

core increase its sulfur content. When the liquid core reaches a sulfur content of ~2.5%, the growth of the inner

core stops and core crystallization continues inwardly from the CMB. Therefore, the core of a Psyche formed by

giant impacts likely cooled through inward core crystallization, akin to what inferred for the parent body of the
IVA iron meteorites (Yang et al., 2008).

We find several scenarios in which Psyche generates a dynamo by advection of metals in its core (Figure 6).

Before the giant impact, only Psyche's outer layers are cold enough to acquire a TRM in the presence of an

ambient magnetic field. However, this record is later lost as a result of the erosion of the mantle by the giant

impact (cyan curves in Figure 7). Psyche's materials are therefore not expected to retain any TRM predating the
giant impact. After the collision, acquisition of a new TRM in kamacite is nevertheless possible for several
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Figure 6. Psyche's materials can have an extant thermoremanent magnetization (TRM) produced by its own ancient dynamo.
Properties of the predicted TRM as a function of the sulfur content of Psyche's building blocks, Xg, and the timing of the
mantle-stripping giant impact, gy, for proto-Psyche (and, after the impact, Psyche) indicated by the black and red dashed lines in
Figure 4 [proto-Psyche as the target and projectile, panels (a, c, e) and (b, d, f), respectively]. (a, b) Start time of the dynamo (in
Myr after CAl-formation). (¢, d) Lifetime of dynamo normalized to potential dynamo period, defined as the time when the core
was molten. (e, f) Radial location of TRM in Psyche. Crosses indicate scenarios in which we do not expect any extant TRM
because the dynamo had stopped before the giant impact occurred and the giant impact erased any pre-existing NRM.

combinations of Xg and #5; (Figure 6, panels a-b). In all cases, the new TRM acquisition starts after the giant
impact occurred or at most 1 Myr thereafter (Figure 6, panels a, b and Figure S9 in Supporting Information S1).

Figures 6¢ and 6d plots what fraction of the “potential dynamo recording period,” which spans from the onset of
core formation to its bulk solidification, a TRM was recorded by Psyche's kamacite grains after the giant impact.
We normalize the TRM recording duration for the potential dynamo recording period because the time that the
core takes to solidify naturally limits the duration of the recording, as no dynamo can be generated after the core
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Figure 7. Psyche's dynamo and thermal history depend on its bulk sulfur content and when the giant impact occurred. (a) Proto-Psyche as the target. Top panel: Temporal
evolution of the magnetic Reynolds number, Re,,, compared to the critical value of 10 (horizontal dashed line). Bottom panel: thermal evolution of proto-Psyche as a
function of its radius, R, and time, ¢. The horizontal gray dashed line indicates the core-mantle boundary. The cyan curve indicates regions where the temperature is within
15 K of the Curie temperature of kamacite. The hatched region is where the core has solidified. This scenario is for Xg = 2 wt.% and tg; = 3 Myr after CAI-formation.
(b) Same as panel a, but for proto-Psyche as the target with Xy = 20 wt.% and #5; = 100 Myr after CAl-formation. (c) Proto-Psyche as the projectile with X =2 wt.% and
tg1 = 3 Myr after CAl-formation. (d) Proto-Psyche as the projectile with Xy = 20 wt.% and tg5; = 100 Myr after CAl-formation.
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has solidified. In absolute values, a dynamo is recorded for a period <10 Myr (Figure S10 in Supporting In-
formation S1, panels a, b).

The TRM recording period spans longer fractions of the potential dynamo period when Xy is higher and #g; is
lower (i.e., the giant impact occurs at earlier times). A higher X lengthens the potential dynamo recording period
by lowering the liquidus temperature of the core, thus allowing larger regions of the mantle and upper core of
Psyche to cool sufficiently to record a TRM after the giant impact (Figure 7, panels b, d). An earlier giant impact
cools the core at an earlier time, shortening the period when the mantle or the core are able to record a TRM. If
X¢ < 10 wt.%, only kamacite grains in Psyche's mantle can acquire a TRM before the inner liquid core experiences
bulk solidification, because Psyche's core is everywhere too hot to acquire any TRM while the dynamo is active.
By contrast, for Xg 2 10 wt.% and tg; > 3 Myr after CAl-formation, kamacite grains can acquire a TRM in the
outer core too within 2 and 5 km of the core-mantle boundary for the target and projectile case, respectively
(Figure 6, panels e, f, and cyan curves in Figure 7; see also Figure S10 in Supporting Information S1, panels c, d).

Analogs for materials composing Psyche's solid core are the iron meteorites (Weiss et al., 2023, for a review).
Upon cooling, kamacite in iron meteorites form grains whose sizes range from <3 mm (in most of the cases;
66%) to up to centimeters or larger in about 10% of the specimens (e.g., in the coarsest octahedrite irons;
Scott, 2020). Grains of this size are typically multidomain and thus might be unstable recorders even at Psyche
conditions (i.e., low temperatures and current absence of coercive external fields). Nevertheless, Maurel
et al. (2025) showed that meter-sized iron meteorites regardless of their bulk mineralogy may retain an NRM over
solar system history that would be detectable by the Psyche spacecraft Magnetometer. Their samples include the
Navajo iron meteorite, a coarse octahedrite whose NRM was found to be almost constant at least up to the meter-
scale, despite not hosting tetrataenite (a common carrier of stable remanence in iron meteorites; Bryson
et al., 2017, 2014; Maurel et al., 2020, 2021; Nichols et al., 2018).

Scenarios in which Psyche does not acquire any dynamo TRM also exist (crosses in Figure 6). These scenarios are
generally characterized by #g5; 2 100 Myr after CAl-formation; an example is a sulfur-rich proto-Psyche that is,
the projectile of a late hit-and-run collision (Xg = 20 wt.% and fg; = 100 Myr after CAI-formation; Figure 7d). At
100 Myr after CAl-formation, the core has already solidified and no dynamo field exists to be recorded. For
Psyche as the target, if fg; 2 50 Myr after CAI-formation no TRM forms for Xg < 5 wt.% because the high liquidus
temperature of the core at low sulfur contents leads to bulk core solidification and cessation of the dynamo before
the giant impact occurs. This effect is more pronounced for the case of proto-Psyche as the projectile, which is
smaller and thus cools faster. For this case, no TRM is recorded if 75; 2 50 Myr after CAl-formation regardless of
the sulfur content. Therefore, if proto-Psyche as the projectile lost its mantle > 50-100 Myr after CAl-formation,
a lack of magnetization in Psyche today would not rule out that Psyche formed as a mantle-stripped core.

Surface rocks on asteroids are comminuted into smaller fragments by impacts and thermal fatigue (e.g., Cam-
bioni, Delbo, et al., 2021; Delbo et al., 2015). This regolith acts as an efficient thermal insulator, substantially
reducing the heat loss from the core (Sahijpal, 2022). We therefore re-ran our analysis assuming a thermal
diffusivity x,, = 1 x 107" m? s~!, akin to fine lunar regolith (Cremers & Hsia, 1973), for uppermost kilometer of
Psyche's subsurface (about two radial cells in our thermal model) to mimic the regolith thickness inferred for
Vesta (Denevi et al., 2016). This layer is present only when the core is cooling (at earlier time, the heat from the
magma ocean and any residual radiogenic heating is expected to sinter regolith, increasing its thermal conduc-
tivity; Dodds et al., 2021). The presence of a regolith layer keeps the core isothermal for longer times than in the
case in which the mantle conducts more efficiently. This has two important consequences. First, it keeps the
dynamo active for longer times and leads to longer periods of TRM acquisition because it delays the solidification
of the core (Figure S11 in Supporting Information S1, panels a and d). Second, it prevents the CMB from cooling
below the Curie temperature of kamacite, so that only the kamacite in the mantle would acquire a TRM (Figure
S11 in Supporting Information S1, panels e—f). As aresult, if Psyche had a thick regolith layer on its surface when
the dynamo was active, the kamacite in Psyche's core likely did not record a TRM.

Finally, we consider the scenario in which proto-Psyche lost its mantle in a collision chain. The effect of a
prolonged, multistage mantle erosion on the thermal state of Psyche would depend on the delay between colli-
sions compared to the duration of the dynamo (S10 Myr as estimated by our thermal model, Figure S10 in
Supporting Information S1, panels a, b). If the delay between collisions is 0.1-1 Myr as estimated by Emsenhuber
& Asphaug, 2019 for planetary embryos at ~1 AU, the thermal evolution of the core would not be significantly
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different than in the single-collision case. Alternatively, if the delay between collisions is 210 Myr, the core
would remain thermally well-insulated for most its solidification history. The consequences of this would be akin
to Psyche's surface being covered by a thick regolith layer: the dynamo would be active longer but the CMB
would not cool below the Curie temperature of kamacite, so that only the kamacite in the mantle would acquire a
TRM. In a chain, however, any magnetized materials would likely be eroded by the next collision, so that only the
TRM acquired by mantle materials after the last collision would survive. Overall, if Psyche formed as a mantle-
stripped core, we expect that the likelihood that Psyche retains a dynamo TRM record decreases with increasing
number of hit-and-run collisions it suffered.

5. Implications

In this Section, we translate our findings to testable predictions for the NASA Psyche mission and discuss the
implications for answering the question “Is Psyche a core?” using spacecraft data. Furthermore, we discuss the
implications of our findings for the origin of the population of metal-rich asteroids of the Solar System.

5.1. The NASA Psyche Mission
5.1.1. Psyche's Interior Structure and Composition

Provided that Psyche formed via a giant impact, we showed that its parent body (proto-Psyche) most likely was
the projectile of a hit-and-run collision. Formation of Psyche analogs with a higher metal content, Z, is favored as
a result of collisions occurring at higher velocities for a given colliding pair. If Z 2 50 wt.% (® > 10%), Psyche-
forming giant impacts are more likely to occur > tens of Myr after CAl-formation when collision velocities are
higher, while the opposite case favors a giant impact during the nebular period (i.e., within ~5 Myr of CAI-
formation; Weiss et al., 2021, for a review).

Orbital measurements by the Psyche spacecraft may constrain the asteroid's Z and ® and thus provide insights into
whether an early or late formation of Psyche by a giant impact is more favorable. The Psyche Gravity Science
Investigation will measure the asteroid's gravitational parameter to better than 0.001 km® s~2 (Zuber et al., 2022)
and the Multi-spectral Imager will collect ~20 m pixel™' images of >80% of Psyche's surface to develop a
topographic shape model with ~50 m vertical global accuracy (Jaumann et al., 2022). Together, the two mea-
surements (mass/volume) will yield Psyche's bulk density, ppgyche, With an expected precision 10 times higher
than the current ground-based measurements (Dibb et al., 2024). Comparing bulk density to the known density of
intact mineral grains provides an estimate of porosity (Besserer et al., 2014; Wieczorek et al., 2013). Simulta-
neously, the GRNS will measure the bulk Fe 4+ Ni weight abundance of Psyche's upper meter with a precision of
20% (Lawrence et al., 2025). The Fe + Ni abundance measured by the GRNS would constitute a lower limit on
Psyche's bulk metal content if the surface metals of the uppermost meter are everywhere mixed with silicate-rich
materials. However, ground-based millimeter and radar observations respectively suggest that large regions of
exposed metal might be present on Psyche and that the first meter of its surface is metal-rich (Cambioni, de Kleer,
& Shepard, 2022; Shepard et al., 2021). Assuming that the Fe 4+ Ni abundance measured by the GRNS of these
regions is representative of Psyche's bulk metal content, Z, Psyche's porosity @ can be computed from ppgyp,e and
Z by means of Equation 2. Linear propagation of errors yields associated uncertainties that linearly increases from
~5% to ~18% across the admissible range of metal contents given the currently measured ppg,.p,. (Section 1).

Provided that the giant impact occurred before the core solidified, we also showed that the acquisition of a TRM
by Psyche after the giant impact is favored if the sulfur content of its building blocks Xg > 10 wt.%. A higher X
lengthens the potential dynamo recording period by lowering the liquidus temperature of the core, thus allowing
larger regions of the mantle and upper core of Psyche to record a TRM after the giant impact (Figure 7, panels b,
d). The Psyche spacecraft GRNS team will measure the sulfur content of Psyche's upper meter too, with a bulk-
body detection threshold of 3 wt.% (Lawrence et al., 2025). Detection of low-latitude surface regions with sulfur
content >10 wt.% may also be possible from data collected during the orbit D of the mission (currently planned
altitude of 75 km; Dibb et al., 2024; Lawrence et al., 2025).

Note, however, that if Psyche formed as a mantle-stripped core, Psyche's modern surface sulfur content can be
lower than its primordial bulk value. When proto-Psyche underwent igneous differentiation in a mantle and a
core, sulfur would have partitioned into the core (Weiss & Elkins-Tanton, 2013). During solidification, as soon as
the sulfur content in the residual core melt exceeded ~15 wt.%, two immiscible liquids are expected to have
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formed, with the sulfur-rich one having a stoichiometry akin to troilite (Bercovici et al., 2022). That liquid is
expected to have had a low density and thus a good chance of erupting on Psyche's surface, forming sulfur-rich
lava flows (Abrahams & Nimmo, 2019; Johnson et al., 2020). The sulfur in these flows is expected to be quickly
lost to space by interaction with the solar wind (Christoph et al., 2022), consistent with sulfide-rich meteorites
being exceedingly rare in collections worldwide and large, sulfide meteorites being unknown (McCoy
et al., 2022). A Psyche as a planetesimal core is therefore expected to lose its sulfur more readily than something
that was not a core. Future studies should investigate how to translate the sulfur content that may be detected on
Psyche's surface by the GRNS to Psyche's primordial bulk sulfur content.

5.1.2. Psyche's Magnetization

The Level 1 (L1) requirement of the Psyche spacecraft Magnetometer is to detect a total magnetic moment >2
x 10" Am? (Weiss et al., 2023). The limiting magnetic moment of 2 X 10'* Am? was estimated by Weiss
et al. (2023) assuming a Psyche-like, mantle-stripped iron planetesimal whose outer 40% of its radius is randomly
magnetized with ~40-km coherence scale and with a fine-scale magnetization at the lower end of known iron
meteorites. Such a measurement would be an evidence that Psyche formed as a mantle-stripped core if it can be
shown that: (a) Psyche was able to generate a dynamo in its core after the giant impact and record it as an NRM in
its constituent materials; and (b) such an NRM is exclusively a record of such a dynamo and not of nebular fields
sustained in the solar nebula.

We investigate under which circumstances condition (1) would be verified by computing the NRM associated
with the magnetized volume assuming that the kamacite grains are homogeneously distributed. For materials
composing the core or metal sills/dikes in the mantle, we assume an NRM between the lower and upper known
values for iron meteorites (1 X 107* to 1 x 1072 Am? kg_l; Maurel et al., 2025; Pesonen et al., 1993; Terho
et al., 1993). For materials composing the silicate portion of the mantle, we assume an NRM of 3 x 10~ Am?
kg~! as measured for basaltic achondrites (Pesonen et al., 1993). Provided that the giant impact occurred within
~50-100 Myr of CAl-formation, we find that a primordial Psyche's sulfur content X; > 10 wt.% is generally
necessary for condition (1) to be met and the L1 requirement of the Psyche spacecraft Magnetometer to be
satisfied (Sections 4.2 and 5.1; Figure 6f; Figure S10 in Supporting Information S1, panels e, f). The higher X, the
longer the core would take to solidify, the longer the core could generate a dynamo, the larger the magnetized
volume. The acquisition of a dynamo TRM is favored if Psyche did not have a thick regolith layer when the
dynamo was active or if the mantle-stripping event did not occur through multiple gentler collisions rather than a
single energetic one. Both scenarios would result in the core being isothermal for longer times, disfavoring the
acquisition of a TRM in the core (Section 4.2).

Any NRM in Psyche will almost certainly generate an external magnetic field owing to the nonsphericity of its
shape, the expected time-variability of the dynamo field, and magnetostatic interactions between metallic ma-
terials (Weiss et al., 2023, for a review). We therefore compute the magnetic field associated with the smallest
magnetized volume for which the L1 requirement is satisfied (Figure S10 in Supporting Information S1, panels c,
d) by assuming that the kamacite grains are confined within metal sills formed in Psyche's mantle as a result of
ferrovolcanism or impacts (Courville et al., 2025; Johnson et al., 2020; Shuai et al., 2024). We model the sills as
thin spherical caps made of kamacite (density of 7,870 kg m~) with random magnetization directions and
compute the resulting magnetic field through the analytical approach in Section 2.3 of Wieczorek (2018) (see also
Voorhies et al., 2002). We used random directions to represent the possibility that the orientation of the
magnetizing field changed with time as different parts of Psyche cooled and the possibility that impact brecciation
induced rotation of boulders after Psyche was magnetized.

The resulting magnetic field strongly depends on the number of caps, N, in the magnetized region and their
angular sizes, 6, and NRM, which are all unknown. Figure 8 shows the combinations of NRM and N for a given
6, that generate a magnetic field greater than the Reconstructed Measurement Uncertainty of the Psyche
spacecraft Magnetometer, that is, 1.5 nT axis~' 3¢ as per the Magnetometer Level 2 (L2) requirement (Weiss
et al., 2023). In orbit C (currently planned altitude of 190 km; Dibb et al., 2024), the NRM corresponding to the
minimum detectable magnetic field is within the range of NRMs measured in iron meteorites (gray horizontal
band) if 6, > 1°, with the smallest cap case requiring at least 40 caps and higher 6, being required if fewer caps are
present in the magnetized volume. In orbit D, Psyche's magnetization can be detected if this is confined in caps
with 6, 2 1°, with the smallest-cap case requiring at least 6 caps. We consider these results to be robust to
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Figure 8. Minimum NRM required for the magnetic field of asteroid Psyche to be detectable by the Psyche spacecraft
Magnetometer. Shown is the minimum natural remanent magnetization of Fe metal caps in Psyche necessary to generate a
magnetic field greater than the Reconstructed Measurement Uncertainty of the Magnetometer (as per the L2 requirement
defined in Weiss et al., 2023), as a function of the number of caps within the magnetized volume, N, and their angular size, 6.
The left and right panels are for the orbit C and D of the Psyche spacecraft. We model the magnetic field of spherical caps
following Wieczorek (2018). We identify several combinations of N and 6, for which the minimum NRM required is within the
range measured in iron meteorites: from 1 x 10~ to 1 x 1072 Am* kg™' (gray horizontal band). For more details on the
calculation, see text in Section 5.1.

magnetic relaxation in the sills as long as these are composed of materials analog to iron meteorites, which can
carry NRM of likely pre-terrestrial origin even if they are meter-sized (Maurel et al., 2025).

Whether the NRM associated with such a magnetic field can be confidently distinguished from an NRM record of
the nebular magnetic field depends when the acquisition occurred. Paleomagnetic analyses of meteorites suggest
that the nebular gas (and, by implication, the nebular magnetic field) dispersed by 3.71 + 0.2 Myr after CAI-
formation at 1-3 AU (Wang et al., 2017; Weiss et al., 2017) and by 2.7-5.1 Myr after CAl-formation at ~3-7
AU (Borlina et al., 2022). Hence, condition (2) will also be met if the mantle-stripping giant impact occurred after
the dissipation of the solar nebula. This scenario is favored if Psyche's metal content is Z 2 50 wt.% (equivalently,
porosity @ >10% given Psyche's current bulk density), because the formation of such a metal-rich world pref-
erentially occurs in high-energy collisions tens of Myr after CAI-formation (Sections 4.1 and 5.1.1). If Z < 50
wt.%, proto-Psyche could have acquired a nebular NRM in at most the upper 10 km of its interior, because the
temperature of deeper regions would have been above the Curie temperature of kamacite until after the nebular
field had dissipated (see Figure 7, panels a, c¢). In this scenario, even if an NRM is detected, it would remain
uncertain whether Psyche was magnetized by the nebular magnetic field or its own dynamo.

Amplification of interplanetary magnetic field by electrically conducting asteroid interiors (Anand et al., 2022; T.
O’Brien et al., 2020) and impact plasmas (Muxworthy et al., 2017) have been also proposed to explain the NRM
in the Allende CV3 chondritic meteorite. These magnetic fields may postdate the giant impact and potentially be
recorded in Psyche as an NRM mimicking a dynamo record. However, we consider these scenarios to be unlikely.
Even under the optimal configuration, the interplanetary magnetic field likely switched directions over a time-
scale of hours, and thus was unlikely to produce a unidirectional NRM in the ferromagnetic minerals constituting
Psyche (Oran et al., 2018). As far as impact magnetization, as of today this process remains purely theoretical with
no clear evidence of actually having magnetized rocks affected by impacts (Buz et al., 2015; Carporzen
et al., 2012; Weiss, Pedersen, et al., 2010) [note a report that impact fields putatively recorded by a lunar glass
(Tarduno et al., 2021) has not been reproducible by independent laboratories (Chaffee et al., 2023)]. For
carbonaceous chondrites that experienced aqueous alteration before the dissipation of the solar nebula, invoking
impact magnetization to explain any chemical remanent magnetization is not necessary because any NRM would
be a natural consequence of water-rich planetesimals forming within the solar nebular magnetic field (Courville
et al., 2022). Moreover, the impact-plasma proposal is challenged by the spatial uniformity of the peak laboratory
demagnetization temperatures observed in the CV Kaba meteorite (Gattacceca et al., 2016). The morphology of
the magnetic field from local, impact-derived features is also predicted to be different than that from a body-scale
quasi-uniform magnetization as expected for carbonaceous chondrites which acquired NRMs while immersed in
a field that was uniform on the ~200-km scale (Courville et al., 2022).
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Finally, it is plausible that Psyche is not a mantle-stripped core but rather a primordial aggregate of metal-rich
chondritic materials that never melted (e.g., with an enstatite or CB chondrite-like low-FeO composition;
Elkins-Tanton et al., 2022, see also Section 1). During accretion onto a body, magnetic grains may stick together
and experience mutual alignment (accretional attractive remanent magnetization, or AARM; Niibold & Glass-
meier, 2000) and ferromagnetic minerals may align due to torques from a background magnetic field, such as that
sustained by the solar nebula (accretional detrital remanent magnetization, or ADRM; Fu & Weiss, 2012). Both
AARM and DRM are expected to result in a net magnetic moment which, in a Psyche formed as a primordial
metal-rich aggregate, could mimic a dynamo NRM. However, to date, both AARM or ADRM remains theoretical
mechanisms yet to be recognized in meteorites (Weiss et al., 2021) or in small bodies visited by spacecraft (e.g.,
comet 67P; Biersteker et al., 2019), so we do not explore them herein.

5.2. The Origin of Metal-Rich Asteroids

The discovery that Psyche formed as a planetary core would not only address the central objective of the Psyche
mission (Section 1), but has also implications for understanding the origin of metal-rich asteroids as a population.

Our finding that Psyche could have formed by a giant impact is consistent with previous studies, which proposed
that metal-rich worlds smaller than Mars, such as planet Mercury and metal-rich asteroids, may be giant-impact
remnants because collisions occurring during planet formation and evolution are sufficiently energetic to strip the
mantles of their putative parent bodies (e.g., Asphaug & Reufer, 2014; Cambioni, Jacobson, et al., 2021;
Cambioni et al., 2025; Scora et al., 2022). The most favorable scenario for the formation of Psyche as a mantle-
stripped core is that proto-Psyche lost its mantle in a hit-and-run collision (Section 2). In this framework, (354)
Eleonora [the largest olivine-dominated (i.e., spectral type A; DeMeo et al., 2009) asteroid] and asteroid Psyche
would represent archetypes of the target and the escaping projectile of hit-and-run collisions, respectively. We
caution, however, that hit-and-run collisions could also occur in the outer Solar System among planetesimals that
are eventually accreted by proto-Jupiter, proto-Saturn, or the proto-ice giants, or in the inner Solar System where
the remnants were accreted by the growing terrestrial planets (Elkins-Tanton et al., 2022).

If Psyche did form by a giant impact, it would imply that also smaller metal-rich asteroids most likely formed by
impacts since their parent bodies would have had smaller collisional lifetimes than proto-Psyche. This supports
the proposal that metal-rich asteroids are relics of inefficient accretion (Asphaug & Reufer, 2014). Metal-rich,
giant-impact remnants smaller than Psyche would be less favored to be magnetized by a dynamo, either because
they are too small to melt, or because they are too small to efficiently retain heat (they cool too quickly), and/or
because they are too small to reach the critical magnetic Reynolds number. A notable example of an asteroid
smaller than Psyche that could have suffered a mantle-stripping giant impact is the 170-km-sized (22) Kalliope,
whose high density (4,400 + 460 kg m~3; Ferrais et al., 2022) is compatible with a metal-rich bulk composition
(Figure 1). Corroborating evidence that Kalliope suffered a giant impact are the detection of an associated asteroid
family (Avdellidou et al., 2025; Broz et al., 2022), and that Kalliope's moon Linus could be a piece of its mantle
based on its surface composition (de Kleer et al., 2024).

Our thermal evolution model of Psyche supports the proposal that inward core solidification in the aftermath of a
mantle-stripping giant impact may be compatible with dynamo generation (see also Scheinberg et al., 2016). This
is consistent with paleomagnetic evidence for a dynamo activity driven by inward crystallization on the IVA iron
meteorite parent body (Bryson et al., 2017), which has been estimated to be 150 £+ 50 km in radius (thus, similar in
size to Psyche) with less than 1 km of silicate insulation (Scott, 2020; Yang et al., 2008). Nevertheless, we note
that the magnetization in the IVA iron meteorites is carried by tetrataenite (Bryson et al., 2017), while in our
analysis we made the assumption that the only magnetic carrier is kamacite (Section 3.4.3). Future work should
investigate whether Psyche as a giant-impact remnant cooled slowly enough for tetrataenite to acquire a TCRM.

6. Conclusions

Asteroids belonging to the taxonomic M/X class are traditionally thought to be rich in metals based on their high
bulk densities and remote-sensing observations of their surfaces (e.g., Bell et al., 1989; Chapman & Salis-
bury, 1973; de Kleer et al., 2021; Shepard et al., 2018). The suspected metal-rich nature of these bodies would
make them the smallest members of the metal-rich worlds, a recently recognized class of planetary bodies which
also include planet Mercury and, possibly, some exoplanets with density far higher than expected from the
composition of the host star (Cambioni et al., 2025).
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Figure 9. If the Psyche spacecraft measures a magnetization >2 X 10" Am?, sulfur content 210 wt.%, and bulk porosity
>10%, Psyche most likely formed as a mantle-stripped core. Schematics of whether Psyche formed as a mantle-stripped core
based on its magnetization, sulfur content of its building blocks, and interior structure (i.e., porosity and metal content) that
will be measured by the Psyche spacecraft Magnetometer (Weiss et al., 2023), GRNS (Lawrence et al., 2025), and Gravity
Science and Topographic Investigations (Jaumann et al., 2022; Zuber et al., 2022). The chart assumes that the giant impact
occurred before core solidification, that is, within 50-100 Myr of CAI-formation. The cartoons represent the paleofield that
may have magnetized Psyche, not the expected structure of the magnetic field corresponding to a magnetized state of Psyche
today. Psyche's dynamo paleofield is assumed dipolar, but this is not necessarily the case (Weiss et al., 2023), and the nebular
magnetic paleofield is depicted with lines of uniform direction (Courville et al., 2022).

A commonly adopted theory is that metal-rich asteroids formed as the cores of planetesimals whose rocky mantles
were stripped by giant impacts. We may be able to test this hypothesis within this decade with the NASA Psyche
mission, which seeks to assess whether (16) Psyche, the largest candidate metal-rich asteroid, is the mantle-stripped
core of a planetesimal (Elkins-Tanton et al., 2022). Evidence that Psyche formed as a mantle-stripped core would
come from the spacecraft's Magnetometer, through the detection of magnetization at the asteroid, which is expected
if Psyche cooled in the presence of a dynamo field generated by its own core (Weiss et al., 2023). Additional
evidence would come from detections of sulfur-rich provinces by the spacecraft's GRNS, which are predicted based
on the composition of iron meteorites and core solidification models (Lawrence et al., 2025).

Motivated by this, in this study we combined impact and geodynamical models to investigate under which cir-
cumstances (if any) asteroid Psyche may have formed by giant impacts, generated a dynamo field, recorded such a
field in its constituent materials as a thermal remanent magnetization, and developed sulfur-rich provinces. We
explored two scenarios: proto-Psyche as the target of a collision whose mantle was catastrophically destroyed, or
proto-Psyche as the projectile of a hit-and-run collision whose mantle was accreted by a larger target. Our main
findings, summarized in Figure 9, are:

¢ Psyche could have formed by a single giant impact, although this scenario is not strictly necessary to explain its
bulk density; for example, if Psyche's porosity @ < 5%, its metal content is consistent with the solar value ~ 33
wt.% (Palme & O’Neill, 2003). The more porous Psyche is, the higher its metal content must be to match its bulk
density, and the more erosive the mantle-stripping giant impact must have been for a given pair of colliding
planetesimals. We assume a nominal value of ® = 15% based on remote-sensing observations and explore
values between 5% and 20%.

e For ® = 15%, the most favorable scenario for producing Psyche is that proto-Psyche was a differentiated
~190-km-radius planetesimal that collided with a planetesimal twice its size in a grazing hit-and-run collision
with a velocity of ~3—4 km s~! tens of Myr after CAI-formation. If 5 < ® < 10%, the most favorable timing of
the giant impact is within 5 Myr of CAl-formation and 210 Myr after CAl-formation otherwise. The threshold
@ = 10% corresponds to a metal content, Z, of 50 wt.% in order to match Psyche's current bulk density. Data
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from the Psyche spacecraft Gravity Science and Topographic Investigations and the GRNS may constrain
Psyche's ®@ and Z with a precision sufficient to discern between an early and late giant-impact scenario.

If Psyche formed by a giant impact, it would have lost any magnetization predating the event. Later recording
by Psyche of its own dynamo field is favored if two conditions are met: (1) Psyche's primordial sulfur content
X, 2 10 wt.%, which would have delayed core solidification; (2) the giant impact occurred after nebular gas
dissipation, so that Psyche could not have recorded the nebular magnetic field while cooling, but before 50—
100 Myr after Solar System formation during which time we predict that a dynamo was still active.
Depending on the distribution of metal in the interior, the predicted TRM of Psyche would be detectable as a
magnetic field in orbit C or D (or both) by the Psyche spacecraft Magnetometer assuming values of NRM as
measured in iron meteorites and that the magnetic carrier is kamacite only. Assuming a uniform kamacite
distribution in the magnetized volume and X, > 10 wt.%, we estimate a magnetic moment >2 X 10'* Am?.
Such a strong magnetic moment will meet the level-1 requirement of the Psyche spacecraft Magnetometer
(Weiss et al., 2023).

Our findings are based on a number of assumptions and simplifications, which are detailed throughout the text and

summarized here. Future studies should address the robustness of our findings to these assumptions.

We assume that Psyche formed by a single mantle-stripping giant impact between differentiated bodies
colliding at Vo < 10V,,., whose remnants are also differentiated bodies and have porosity @ <20%. These
assumptions are dictated by the current limitations of our impact and thermal model. It is nevertheless possible
that metal-rich worlds form as a result of multiple giant impacts (Asphaug & Reufer, 2014), in which case the
likelihood that Psyche formed after the dissipation of the solar nebula and acquired a dynamo TRM would
decrease with increasing number of collisions in the chain (Sections 4.1 and 4.2). Moreover, it is possible that
Psyche is a metal-rich rubble pile with @ >20% composed of fragments from a parent body larger than the
proto-Psyches studied herein. The Psyche Gravity Investigation is expected to be able to determine if the
asteroid is a rubble pile (Zuber et al., 2022), thereby indicating whether our current model limitation needs to
be relaxed.

We assume that inward solidification proceeds through the growth of dendrites, and neglect the possibility that
kilometer-sized dendrites may collapse within the time required for inward solidification to complete, free
crystals may nucleate, or viscous delamination at the CMB may occur (Neufeld et al., 2019; Scheinberg
et al., 2016). Nevertheless, we consider our results to be robust against the mode of inward solidification
because inward solidification through dendritic growth is the most restrictive scenario in which the only power
available to drive a dynamo is secular cooling in the liquid beneath the solidification front (Section 3.3.2). We
also assume that 80% of the sulfur expelled by dendrite solidification remains trapped in the inter-dendritic
fluid. This is the lowest value that permits a well-mixed liquid inner core throughout core solidification
(Scheinberg et al., 2016). Under which conditions this is verified and whether it is compatible with the
meteorite record remains unclear (e.g., sulfide-rich meteorites are exceedingly rare in collections worldwide;
McCoy et al., 2022).

We assume that kamacite is the only magnetic recorder in Psyche and that any NRM acquired while Psyche
was cooling is still extant. However, as we detail in Section 3.4.3, this is an oversimplification of a much more
complex chemical system. For example, the magnetization in the IV A iron meteorites is carried by tetrataenite,
not kamacite (Bryson et al., 2017), and the strength and temporal stability of TRM or TRCM acquired by
kamacite and martensite/tetrataenite may be affected by further crystallographic transformations that occur
below their Curie temperatures (e.g., decomposition of martensite into plessite; Uehara et al., 2011) and by the
magnetic relaxation times of the Fe-Ni grains in Psyche materials (Section 3.4.3).

Under these assumptions, we conclude that, if Psyche has a strong magnetic moment (>2 x 10'* Am?), sulfur-

rich provinces compatible with an initial bulk sulfur content of Psyche X| > 10 wt.%, and a metal content 250 wt.

% (corresponding to bulk porosity @ > 10%), then it most likely formed as a planetary core whose mantle was

stripped by a giant impact. Measurements from the Magnetometer, the GRNS, the Gravity Science Investigation,
and the Multi-spectral Imager on the NASA Psyche mission will allow testing these predictions.
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Appendix A: List of Symbols for Parameters (Variables and Constants)

This appendix consists of Tables Al and A2, which respectively list and define the model variables and model

constants used throughout the text.

Table A1
List of Model Variables
Model variable Symbol Value/notes Units
Masses (target = T; projectile = P) My, Mp 1076-1072 Mg
Core-mass fractions (T, P) Zr, Zp 2-35 wt.%
Radii (T, P) Ry, Rp Derived from M and Z m
Velocity of the giant impact Veoll 1-10 (Equation 1) Vese
Angle of the giant impact Ocon 0-90 °
Masses (two largest remnants, L and S) M;, Mg Predicted by impact model Mg
Core-mass fractions (L, S) Z, Zg Predicted by impact model wt.%
Radii (L, S) R;, Rg Derived from M and Z m
Densities (L, S) PLs Ps Equation 2 kgm™
Psyche's current porosity ] 5-20 vol. %
Psyche's current metal content Z Function of ® and density wt. %
Gravity g Function of radius and mass m s—2
Temperature T See Sections 3.2 and 3.3 K
Time of impact after CAI-formation tGr 1-100 Myr
Radial coordinate r Array, step dr = 1,000 m m
Time coordinate t Array, step dt = 600 years years
Density of building blocks Po As in Dodds et al. (2021) kg m~3
Specific heat capacity of building blocks Cpo As in Dodds et al. (2021) ] kg—l K!
Thermal conductivity of building blocks ko As in Dodds et al. (2021) Wm! K!
Sulfur content of building blocks Xg 0-20 wt. %
Sulfur content of interdendritic liquid X Section 3.3.2 wt. %
Troilite content in solidifying core shell Xres Section 3.3.2 wt. %
Heating power of 2°Al decay H As in Dodds et al. (2021) W m™3
Viscosity of molten silicates M As in Dodds et al. (2021) Pas
Bulk density of molten metal Pe Computed from EOS kg m~3
Specific heat capacity of molten metal Cpe Computed from EOS Jkg ' K!
Thermal expansivity, molten metal ac Computed from EOS K!
Temperature of convecting magma ocean T Section 3.2.2 K
Temperature of convective core's region T. Section 3.2.3 K
Bottom radius of undifferentiated lid Riq Section 3.2.2 and Figure 3 m
Core-mantle boundary radius Rems Section 3.2.2 and Figure 3 m
Bottom radius of core convecting region Reon Section 3.2.3 and Figure 3 m
Radius of outer-core boundary (OCB) Rocs Section 3.3.2 and Figure 3 m
Density of liquid inner core P As in Scheinberg et al. (2016) kg m~3
Core and interdendritic volumes V., Vi Section 3 m?
Metal liquidus temperature T, Equation S15 K
Relative slope of liquidus versus adiabat A Computed from EOS -
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AND SPACE SCIENCES
Table A1
Continued
Model variable Symbol Value/notes Units
Inner core radius R Equation 5 m
Net heat flux at CMB Firive Section 3.4.1 W m2
Power available from secular cooling Py As in Scheinberg et al. (2016) w
Power required to entrain the excluded sulfur Py As in Scheinberg et al. (2016) W

Note. The terms “metal” and “EOS” refers to the Fe—FeS mixture and the Equation of State based on Knibbe et al. (2021) and
Komabayashi (2014), respectively (Text S4 in Supporting Information S1).

Table A2

List of Model Constants

Constant parameter Symbol Value Units
Psyche's measured mass Mpsyche 2.40 £ 0.03 x 10" kg
Psyche's measured density Ppsyche 4,172 + 145 kg m~3
Bulk density of solid metal Pmetal 7,650 kg m~3
Bulk density of solid silicates Pffas 3,220 kg m™3
Bulk density of molten silicates Pom 3,200 kg m™3
Thermal expansivity of molten silicates fo8 4 x 107 K!
Thermal diffusivity of molten silicates R 5x107,1 x 107° m? 57!
Thermal conductivity of molten metal ke 40 Wm! K!
Viscosity, molten metal e 1 x 1072 Pas
Latent heat of iron Lre 250 kJ kg_1
Latent heat of troilite Lges 133 kJ kg_1
Liquid fraction of the solidification front fi 0.8 wt.%
Fraction of interdendritic sulfur fs 0.8 wt.%
Magnetic diffusivity of molten metal A 1.3 m? s~!
Density contrast of buoyant metal Ap 300 kg m~3
Planetesimal's rotation rate Q 4 x 1074 rad s7!

Note. The terms “metal” and “EOS” refers to the Fe—FeS mixture and the Equation of State based on Knibbe et al. (2021) and
Komabayashi (2014), Text S4 in Supporting Information S1, respectively.
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