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ABSTRACT

Context. Asteroid (16) Psyche is the largest M-type asteroid in the main belt and the target of the NASA Psyche mission. It is also
the only asteroid of this size (D > 200 km) known to be metal rich. Although various hypotheses have been proposed to explain the
rather unique physical properties of this asteroid, a perfect understanding of its formation and bulk composition is still missing.
Aims. We aim to refine the shape and bulk density of (16) Psyche and to perform a thorough analysis of its shape to better constrain
possible formation scenarios and the structure of its interior.

Methods. We obtained disk-resolved VLT/SPHERE/ZIMPOL images acquired within our ESO large program (ID 199.C-0074),
which complement similar data obtained in 2018. Both data sets offer a complete coverage of Psyche’s surface. These images were
used to reconstruct the three-dimensional (3D) shape of Psyche with two independent shape modeling algorithms (MPCD and ADAM).
A shape analysis was subsequently performed, including a comparison with equilibrium figures and the identification of mass deficit
regions.

Results. Our 3D shape along with existing mass estimates imply a density of 4.20 + 0.60 gcm™, which is so far the highest for a
solar system object following the four telluric planets. Furthermore, the shape of Psyche presents small deviations from an ellipsoid,
that is, prominently three large depressions along its equator. The flatness and density of Psyche are compatible with a formation at
hydrostatic equilibrium as a Jacobi ellipsoid with a shorter rotation period of ~3h. Later impacts may have slowed down Psyche’s
rotation, which is currently ~4.2 h, while also creating the imaged depressions.

Conclusions. Our results open the possibility that Psyche acquired its primordial shape either after a giant impact while its interior
was already frozen or while its interior was still molten owing to the decay of the short-lived radionuclide 2°Al.

Key words. minor planets, asteroids: general — minor planets, asteroids: individual: (16) Psyche — methods: observational —
techniques: high angular resolution

* The reduced images are only available at the CDS via anonymous ftp to cdsarc.u-strasbg. fr (130.79.128.5) or via

http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/638/L15
** Based on observations made with ESO Telescopes at the Paranal Observatory under programme ID 199.C-0074 (PI: P. Vernazza).
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1. Introduction

Asteroid (16) Psyche is the largest M-type asteroid in the main
belt. This asteroid was defined as a metallic world (Elkins-
Tanton et al. 2017) resulting from compelling evidences of a
metal-rich surface, including a high mean radar albedo (0.37;
Shepard et al. 2017) and a thermal inertia among the highest
for an asteroid of this size (Matter et al. 2013). The uniqueness
of Psyche’s characteristics and the hypothesis that it could be
an exposed planetary core made it a prime target for spacecraft
exploration. This was concretized by its selection as the rendez-
vous target of a NASA Discovery mission that is scheduled to
arrive at Psyche in early 2026 (Elkins-Tanton et al. 2017).

To this day, the true nature of Psyche, the only metal-
rich asteroid with a diameter above 200 km, remains a mys-
tery that leads to the formulation of several distinct formation
scenarios. One of these scenarios involves hit-and-run colli-
sions exposing the core of a differentiated planetesimal, such
as Vesta, in the early history of the solar system (Asphaug
et al. 2006; Asphaug & Reufer 2014). However, recent esti-
mates of Psyche’s density all agree on a value close to ~4 gcm™>
(Shepard et al. 2017; Hanus et al. 2017; Drummond et al. 2018;
Viikinkoski et al. 2018), much lower than the density of iron
meteorites (~7.5gcm™). A high macroporosity of ~50%, if
Psyche is entirely composed of metal, would solve this discrep-
ancy, but appears unlikely considering the low macroporosity
(typically less than 20%) typical of asteroids with masses com-
parable or greater than Psyche’s (m > 10'9kg; Carry 2012;
Scheeres et al. 2015; Carry et al. 2019). Alternatively, Psyche’s
density appears compatible with that of stony-iron meteorites
such as mesosiderites (Viikinkoski et al. 2018) and pallasites
(Elkins-Tanton et al. 2020) as well as that of CB chondrites
(Elkins-Tanton et al. 2020). Recently, Johnson et al. (2020) pro-
posed that Psyche formed as a differentiated body and that fer-
rovolcanism could be at the origin of the high metal content of
its surface (Shepard et al. 2017). As of today, it is not under-
stood whether Psyche formed as a differentiated or undifferenti-
ated body.

With the renew of interest in Psyche since its selection as
the target of a NASA mission, recent observations suggest that
the nature of Psyche might not be a metallic world as initially
defined but rather a mix of metal and silicates. A review of
the possible compositions, meteorite analogs, and formation and
evolution scenarios of Psyche can be found in Elkins-Tanton
et al. (2020).

In this paper, we present new high angular resolution imag-
ing observations of Psyche acquired in the framework of our
ESO large program (PI: P. Vernazza; ID: 199.C-0074) with
the extreme adaptive optics instrument VLT/SPHERE. These
new images were used along with those obtained in 2018
(Viikinkoski et al. 2018) to (i) reconstruct Psyche’s three-
dimensional (3D) shape using two different modeling techniques
and thus to refine its density and spin axis orientation; (ii) per-
form a detailed analysis of its shape, including a comparison
with that of other large asteroids; and (iii) more generally make
progress in our understanding of its origin and formation.

2. Observations

We obtained 35 images of Psyche at 7 epochs in July and August
2019 using VLT/SPHERE/ZIMPOL (Beuzit et al. 2008; Thal-
mann et al. 2008). This data set complements the first 25 images
taken within our ESO large program that was already presented
in Viikinkoski et al. (2018), for a total of 60 images taken
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at 12 epochs. All images were reduced following the proce-
dure described in Vernazza et al. (2018) and were subsequently
deconvolved with the Mistral algorithm (Fusco et al. 2003;
Mugnier et al. 2004). Details about the deconvolution procedure
can be found in Fétick et al. (2019).

We selected two to three images per epoch, maximizing the
time gap between the images, instead of using all of the images
which would not have added more information; the criterion is a
difference of at least one pixel between two images owing to the
asteroid rotation. The observational circumstances of the images
acquired in 2019 are presented in Table A.1 and the deconvolved
images are shown in Fig. A.1.

Whereas the images acquired during the first observation
campaign (Viikinkoski et al. 2018) were limited to the north-
ern hemisphere of Psyche (sub-observer latitude of ~75°), those
acquired during the second apparition covered well the equato-
rial region (“edge-on”) with a sub-observer latitude of ~ — 10°.
This allowed us to obtain a complete coverage of the surface
of Psyche, the southern hemisphere being observed everywhere
by a minimum of six images (see the coverage map, Fig. A.2).
Moreover, whereas the “pole-on” apparition allowed us to obtain
robust constraints on the dimensions along the x and y axes, the
new “equator-on” apparition was crucial to constrain the z-axis
dimension and thus to refine Psyche’s volume.

3. Methods: Three-dimensional shape
reconstruction

First, an updated shape model of Psyche was generated with
the All-Data Asteroid Modeling (ADAM) algorithm (Viikinkoski
et al. 2015) using the same procedure as in Viikinkoski et al.
(2018). In addition to the new VLT/SPHERE images, a new stel-
lar occultation by Psyche recorded in October 2019 was included
in the modeling (Fig. A.3), whereas two previous occultations
(Dunham et al. 2017) were only used for shape validation. The
shape was again optimized simultaneously with the albedo var-
iegation apparent both in the light curves and the images. The
derived relative albedo distribution is shown in Fig. A.4.

We then applied the so-called Multi-resolution PhotoCli-
nometry by Deformation (MPCD) method (Capanna et al. 2013;
Jorda et al. 2016) on our sample of 35 VLT/SPHERE/ZIMPOL
images from 12 different epochs to reconstruct the 3D shape of
Psyche. This method gradually deforms the vertices of an initial
mesh to minimize the difference between the observed images
and synthetic images of the deformed model created with the
OASIS software (Optimized Astrophysical Simulator for Imag-
ing Systems; Jorda et al. 2010). The OASIS software uses a
shape model described by a triangular mesh along with geo-
metric and radiometric parameters to generate realistic images
of the surface. As inputs, this software takes the position and
orientation of the target in the camera frame, the radiometric
properties of the camera, the rotational parameter of the object,
and the reflectance properties of its surface. The MPCD method
has already been successfully applied to images of small bod-
ies observed by the Rosetta mission, notably those of comet 67P
(Jorda et al. 2016).

For the rotational parameters of our model, we first used
the pole solution of ADAM and its sidereal rotation period of
4.195948 h. We also adopted the ADAM shape model as the initial
model for our reconstruction. For the reflectance properties of
the surface, we used the five-parameter Hapke law (Hapke 1981)
derived for another M-type asteroid, (216) Kleopatra (Descamps
et al. 2011). This choice had little influence on the shape recon-
struction because of the low phase angle of our observations
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Fig. 1. Comparison between VLT/SPHERE/ZIMPOL deconvolved images of Psyche (top row) and the corresponding synthetic images generated
by OASIS of our MPCD (second row) and ADAM (third row) shape models. The red arrows indicate the direction of the spin axis. Fourth and fifth rows:
residuals in units of instrumental noise between the observed images and the synthetic images of the MPCD and ADAM shape models, respectively.
Given that all images were taken close to opposition with a phase angle less than 9°, the color variation across the disk reflects a variation of albedo
rather than a variation in topography. A map of the albedo variegation is shown in Fig. A.4.

(max = 8.7°). This was verified by testing the Hapke param-
eters of other asteroid types, resulting in similar shape models.
The best point-spread function (PSF) to use for the convolution
of the synthetic images was determined by testing a range of
Gaussian PSF on the ADAM model. The PSF resulting in the low-
est x> had a full width at half maximum (FWHM) of 2.1 pixels
(7.6”).

The first run resulted in a shape model with a y*> = 51.
The x? corresponds to the square of the difference between the
observed and synthetic images, given in units of the instrumen-
tal noise without taking into account possible residual noise
from the deconvolution process (Capanna et al. 2013). Then, we
searched for the best spin solution by testing a grid of values
around the initial ADAM solution. We found spin-vector coordi-
nates ([4; 8] = [35°; —10°] in ECJ2000) close to the values used
initially ([34°; —9°], Viikinkoski et al. 2018). A second MPCD run
was performed using this new spin but resulted in similar y? and
volume. The final step was to recompute the best-fitting PSF, this
time with the MPCD model. As a significantly different FWHM
was retrieved (1.5 pixels), we performed a last MPCD run that
gave a final shape model with a y? = 43.

4. Results
4.1. Comparison of the ADAM and MPCD models

In order to compare the two methods, the OASIS synthetic
images were generated using the same PSF and pole direction
for each model. A comparison between the observed images and
the corresponding synthetic images of both MPCD and ADAM mod-
els is given in Fig. 1, along with the residual images. The two

models are remarkably similar. They have a volume difference
of 2.6% and the distribution of their radial differences measured
along the normal direction has a mean of —0.7 km with a stan-
dard deviation of ~2km (Fig. A.5). Their y? are compared in
Table 1 with those of the radar model of Shepard et al. (2017)
and the previous ADAM model (without the images of the 2019
apparition), which shows a significant increase in the quality of
the fit to the images by the new models.

4.2. Bulk density

Both of our shape models feature a slightly smaller volume-
equivalent diameter with respect to the model presented in
Viikinkoski et al. (2018). Combining our new volume estimates
with the average of available mass estimates determined in
Viikinkoski et al. (2018) yields a density of 4.20 + 0.60 gcm™3
for MPCD and 4.10 + 0.61 g cm > for ADAM. We did not include the
lower mass (1.5 x 10'? kg) derived by Siltala & Granvik (2020)
in the mass estimation as we consider this value to be an out-
lier. The physical characteristics of our new models compared to
those of previous works are reported in Table 1.

4.3. Shape analysis

The analysis of Psyche’s shape was first performed by comput-
ing the radial differences between Psyche’s shape model and
its best-fitting ellipsoid, leading to a (model — ellipsoid) aver-
age residuals of 3.6% relative to the mean radius (computed
as the square root of the reduced y?). We then calculated the
sphericity index of Psyche following the same approach as in
Vernazza et al. (2019), and obtained a value of ¢ = 0.9548. For
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Table 1. Comparison of the physical parameters of Psyche of previous works from Viikinkoski et al. (2018) and augmented with the values derived

in this study with the ADAM and MPCD methods.

Parameter S17 D18 V18 This work, ADAM  This work, MPCD
D (km) 226 + 23 223 +2 226+ 5 224 + 5 222 +4
A(°) 34 + 34 32+3 34+3 35+2 35+2
B -7+5 -8+3 -9+3 -9+2 -10+2

P (h) 4.195948(1) 4.195951(2) 4.195948(1) 4.195948(1) 4.195948(1)

a (km) 279 + 27 274 + 2 290+ 5 286 +5 278 =5 (277)

b (km) 232 +23 231 +4 245+ 5 240+ 5 232 + 6 (238)

¢ (km) 189 + 19 176 £ 3 170 + 8 172 + 4 164 + 4 (168)
alb 1.17+0.17 1.18 £0.02 1.18 +0.03 1.19 + 0.03 1.20 £ 0.04 (1.16)
b/c 1.21+0.17 131 +£0.03 1.44+0.07 1.40 + 0.04 1.41 £ 0.05 (1.42)
ajc 1.50+£0.17 156+0.02 1.71 £0.07 1.66 + 0.04 1.70 + 0.06 (1.69)
m(108kg) 272+75 243 +3.5 24.1+3.2 24.1+3.2 24.1+3.2

p (gem™) 45+14 4.16 £0.64 3.99 +0.61 4.10 £ 0.61 4.20 + 0.60
x? 167 94 54 43

Notes. Listed parameters are the volume equivalent-diameter D, the dimensions along the major axes (a, b, ¢), the sidereal period P, the pole
ecliptic longitude A and latitude S, the mass m, and the bulk density p with uncertainties reported at 10-. The dimensions of the best-fit ellipsoid

(see Sect. 4.3) are indicated between parentheses in the MPCD column.

indicated when possible.

The x? computed with OASIS from our set of SPHERE images is also

References. S17: Shepard et al. (2017), D18: Drummond et al. (2018), V18: Viikinkoski et al. (2018).
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Fig. 2. Asphericity of small solar system objects as a function of their
departure from their best-fit ellipsoid. The dot sizes are proportionate to
the objects mean radius. The red region on the bottom left of the figure
indicates typical values for the terrestrial planets.

comparison, we repeated this process for the previously studied
targets of our large program, as well as for the terrestrial planets,
dwarf planet Ceres, and a few other asteroids visited in situ by
space missions (Fig. 2). Psyche’s shape appears to be intermedi-
ate between those of larger asteroids such as Interamnia or Vesta
and those of smaller or similarly sized bodies such as Iris.

The appearance of Psyche is close to an ellipsoidal shape
along its spin axis direction and has flat regions on both poles.
On the other hand, its shape deviates from an ellipsoid in the
other directions because of depression regions along the equa-
tor, possibly caused by impact basins. To obtain the 3D shape
of the triaxial ellipsoid that represents the primordial shape of
Psyche, we clipped those three depressions in the MPCD model
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Table 2. Approximate coordinates of the center and sizes of the three
equatorial depressions.

A B C
Latitude [°] -7 -7 7
Longitude [°] -90 30 130
Length [km] 50 78 90
Width [km] 44 60 80

in order to ignore the corresponding vertex in the computation
of the best-fit ellipsoid. The result is a triaxial ellipsoid with
dimensions a = 277km, b = 238km, and ¢ = 168 km. The
three depressions, denoted A, B, and C, appear in the distance
map in Fig. A.6 as large regions of negative values. The approx-
imate body-centered latitude and longitude of their centers are
reported in Table 2. The presence of such three large cavities
(D > 50 km) seems to be incompatible with a pure metallic com-
position (Marchi et al. 2020). The difference between the equa-
torial and the pole-on views is highlighted in Fig. A.7, which
shows three profiles of the MPCD model along with the best-fit
ellipsoid. The mass-deficit region noted B was already detected
in the radar model of Shepard et al. (2017) and is clearly visible
in Viikinkoski et al. (2018). A protrusion between the B and C
depressions can also be seen in the pole view, potentially owing
to compression caused by impacts on both sides.

5. Discussion

Both the flatness of Psyche’s shape (a—c ~91 km) and its small
departure from an ellipsoid open the possibility that Psyche
formed at equilibrium and that its shape was subsequently
deformed by collisions. We thus investigated whether the shape
of Psyche may be close to the equipotential shape of an hydro-
static body. As in previous studies (Rambaux et al. 2015; Park
et al. 2016; Vernazza et al. 2019; Hanus et al. 2020; Marsset et al.
2020), we compared the equipotential shape with the observed
shape. First, we computed axisymetric solutions. The computa-
tion is based on the numerical resolution of Clairaut’s equations
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(see Chambat et al. 2010 and Rambaux et al. 2015). If we assume
a homogeneous interior, the density and rotation period of Psy-
che compatible with a MacLaurin figure at equilibrium leads to
an oblate body with a—c of about 50 km, which is significantly
less than currently observed. If Psyche was to be differentiated,
this value would be even lower. Secondly, we also tested whether
Psyche’s triaxial shape corresponds to a Jacobi ellipsoid. There
is no solution compatible with the present density, rotation, and
shape of Psyche. On the other hand, an initial rotation of approx-
imately three hours makes it possible to have a Jacobi figure of
equilibrium close to the observed shape as illustrated in Fig. 3.
The relative difference is below 10% for a/c and for b/a. This
solution could suggest a possible fossil shape acquired when
Psyche had a faster rotation.

If Psyche effectively formed at equilibrium, this implies that
Psyche’s primordial shape was acquired while the body behaved
as a fluid. This can be achieved via two different formation sce-
narios: first, a giant impact while Psyche’s interior was already
frozen followed by a re-accumulation event as in the case of
Hygiea (Vernazza et al. 2019) or, second, a giant impact in the
very early solar system while the parent body of Psyche was
molten as a consequence of the decay of the short-lived radionu-
clide 20Al1. Of great interest, the latter scenario would some-
what correspond to the scenario invoked to explain the forma-
tion of the mesosiderite parent body (Scott et al. 2001). In this
scenario, the high metal content of Psyche’s surface (Shepard
et al. 2017) as well as its mesosiderite-like density (Viikinkoski
et al. 2018) would be naturally reproduced. We note that in both
cases, the impact had to be extremely energetic to lead to a short
rotation period of ~3h, such a rotation period being extremely
unusual for a body of that size. While the YORP effect is not
significant for objects larger than 3040 km (Vokrouhlicky et al.
2015), later impacts may have affected Psyche’s rotation and
slowed it down. Future dedicated smoothed-particle hydrody-
namics simulations would be useful to test whether the metal-
lic core of a differentiated yet frozen body could be mixed up
efficiently with its mantle to explain the high metal content of
Psyche’s surface.
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Appendix A: Additional figures and tables
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2019-07-28T09:04:11 2019-07-28T09:12:34 2019-07-28T09:20:52 2019-07-30T06:18:55 2019-07-30T06:27:16 2019-07-30T06:35:35 2019-07-30T08:03:04

2019-07-30T08:11:26 2019-07-30T08:19:45 2019-08-03T04:39:39 2019-08-03T04:47:59 2019-08-03T04:56:19 2019-08-05T707:43:16 2019-08-05T07:51:38

2019-08-05T07:59:58 2019-08-06T02:34:21 2019-08-06T02:42:42 2019-08-06T02:51:01 2019-08-06T04:10:56 2019-08-06T04:19:18 2019-08-06T04:27:36

Fig. A.1. Thirty-five VLT/SPHERE/ZIMPOL images of Psyche selected for our shape reconstruction. The images were obtained at 12 different
epochs between April 2018 and August 2019 and deconvolved with the Mistral algorithm.
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Fig. A.2. Coverage map of the surface of Psyche. The number of times each facet of our shape model has been imaged is represented by different
gray levels (zero would be black). Of our total number of 35, the maximum number of images covering a given facet is 29 and the minimum is 6,
meaning a 100% surface coverage.
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Table A.1. Observational circumstances for each selected observation.

Date UT Exp  Airmass a D,
(s) &) O

2018-04-24  08:42:52 245 1.30 58 0.136
2018-04-24  08:51:24 245 1.34 58 0.136
2018-04-24  08:59:53 245 1.39 58 0.136
2018-04-28  07:42:39 245 1.16 45  0.137
2018-04-28  07:51:11 245 1.19 45  0.137
2018-04-28  07:59:39 245 1.21 45  0.137
2018-05-04  05:44:47 245 1.03 26 0.138
2018-05-04  05:53:17 245 1.03 2.6 0.138
2018-05-04  06:01:45 245 1.04 26 0.138
2018-05-05  01:34:27 245 1.59 23 0.139
2018-05-05  01:42:57 245 1.53 23 0.139
2018-05-05  01:51:26 245 1.48 23 0.139
2018-06-03  23:58:13 245 1.34 8.7 0.135
2018-06-04  00:06:43 245 1.30 8.7 0.135
2019-07-28  09:04:11 240 1.57 42  0.181
2019-07-28  09:12:34 240 1.64 42  0.181
2019-07-28  09:20:52 240 1.72 42  0.181
2019-07-30  06:18:55 240 1.04 35 0.181
2019-07-30  06:27:16 240 1.05 35  0.181
2019-07-30  06:35:35 240 1.06 35  0.181
2019-07-30  08:03:04 240 1.28 34 0.181
2019-07-30  08:11:26 240 1.32 34 0.181
2019-07-30  08:19:45 240 1.36 34 0.181
2019-08-03  04:39:39 240 1.02 1.8 0.182
2019-08-03  04:47:59 240 1.02 1.8 0.182
2019-08-03  04:56:19 240 1.01 1.8 0.182
2019-08-05  07:43:16 240 1.32 1.0 0.183
2019-08-05  07:51:38 240 1.35 1.0 0.183
2019-08-05  07:59:58 240 1.40 1.0 0.183
2019-08-06  02:34:21 240 1.20 0.7 0.183
2019-08-06  02:42:42 240 1.17 0.7 0.183
2019-08-06  02:51:01 240 1.15 0.7 0.183
2019-08-06  04:10:56 240 1.03 0.7 0.183
2019-08-06  04:19:18 240 1.02 0.7 0.183
2019-08-06  04:27:36 240 1.02 0.7 0.183

Notes. For each of the 35 images selected out of the 60 available, the
table gives the epoch, exposure time, airmass, phase angle «, and angu-
lar diameter D,. All images were acquired with VLT/SPHERE using
the N_R photometric filter.

Table A.2. Observers of the stellar occultation by Psyche on 24 October
2019.

Observer

D. Palmer, La Cueva, NM

P. Maley, Camp Verde, AZ

D. Dunham, J. Dunham, Nothing, AZ

D. Dunham, J. Dunham, Wikieup, AZ

D. Dunham, J. Dunham, Kingman, AZ

T. George, Scottsdale, AZ

S. Herchak, Mesa, AZ

R. Jones, Twentynine Palms, CA

R. Reaves, Parker, AZ

D. Stanbridge, D. Dunham, Queen Valley, AZ
D. Stanbridge, D. Dunham, Gold Canyon, AZ
W. Thomas, Tempe, AZ

T. Blank, P. Yeargain, Wickenburg, AZ

R. Wasson, Anza, CA
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Fig. A.3. Three stellar occultations by Psyche compared to the ADAM
model. Disappearance and reappearance timings, as well as their uncer-
tainties, are indicated by red triangles. The disagreement between the
model and a few chords of the 2010 and 2014 occultations is probably
because those chords are wrong or have underestimated uncertainties.
Only the 2019 occultation was used in the ADAM shape modeling.
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Relative albedo

Longitude [deg]

Fig. A.4. Relative albedo map distribution derived with ADAM. The bright region visible in the images of 2018 (Fig. A.1), called Panthia in
Viikinkoski et al. (2018), is visible around longitude ~ — 60° in the north hemisphere. Other albedo features visible in multiple images of the 2019
apparition include one bright spot on 28 July 2019 and 6 August 2019 at (longitude, latitude) = ~(—60°, —10°) and two bright spots on 5 August
2019 at ~(120°,-15°) and ~(160°, —10°).
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Fig. A.5. Distribution of the distances measured along the normal direction between the MPCD and ADAM models.
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Fig. A.6. Topography of Psyche in kilometers with respect to its best-fit ellipsoid (a = 277km, b = 238km, ¢ = 168 km) after clipping the 3
depressions A, B, and C.
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Fig. A.7. Profiles of the MPCD model and of its triaxial best-fit ellipsoid with a pole-on view (leff) and two equatorial views (center and right). The
x,y, z axes are aligned along the principal axes of inertia (assuming an homogeneous interior).
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